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ABSTRACT
Hudak,  George,  M . S . ,  June,  1985 Geology
C a r b o n a t e  d i a g e n e s i s  and d e p o s i t i o n a l  c y c l e s  o f  t he  
M i s s i o n  Canyon L i mes t one ,  Madison Group o f  s o u t h w e s t e r n  
Montana (129  p p . )
D i r e c t o r :  Dr .  George D. S t a n l e y
The M i s s i o n  Canyon F or mat i o n  in s o u t h we s t e r n  Montana  
is a t h i c k - b e d d e d  t o  mass i ve  sequence o f  l i m e s t o n e  and 
d o l o m i t e ,  w i t h  v e r y  mi n o r  amounts ev apo r  i t e s  and t e r ­
r i g e nou s  e l a s t i c s .  Data c o l l e c t e d  f rom f o u r  s t r a t i ­
g r a p h i e  s e c t i o n s  shows t h a t  t h e  rocks ac cumul a t e d  in a 
s h a l l o w  sea o f  normal  s a l i n i t y .  P a l é o n t o l o g i e  and 
l i t h o l o g i e  d i v e r s i t y  is r e l a t i v e l y  low, w i t h  c r i n o i d a l  
p a c k s t o n e s , o o l i t i c  and c r i n o i d a l  g ra i n s t o n e s , and 
d o l o m i t e  be i ng  t h e  most  abundant  rock t y p e s .  D i a g e n e t i c  
m o d i f i c a t i o n s  i n c l u d e  s i l i c i f i c a t i o n ,  c e m e n t a t i o n ,  
c o mp a c t i o n ,  and dolom i t  i z a t  i o n . In a d d i t i o n ,  some o f  
t h e  rocks have been e x t e n s i v e l y  r e c r y s t a l l i z e d .  Cement  
f a b r i c s  i n d i c a t e  t h a t  c e m e n t a t i o n  o c c u r r e d  in t he  
m e t e o r i c  p h r e a t i c  zone .  Most o f  t he  d o l o m i t e  is o f  a 
penecontempo raneous s up r a t  i da 1 o r i g i n ,  and was formed  
u t i l i z i n g  a l o c a l  source  o f  c a r b o n a t e .  The process  o f  
do 1o m i t i z a t i o n  r e s u l t e d  in t he  f o r m a t i o n  o f  a con­
s i d e r a b l e  amount o f  p o r o s i t y ,  m a i n l y  as i n t e r c r y s t a l l i n e  
por es  between d o l o m i t e  rhombs,  and as molds and s o l u t i o n  
e n l a r g e d  molds o f  c r i n o i d s .
The f o u r  s e c t i o n s  measured d e l i n e a t e  a c a r b o n a t e  
p l a t f o r m  w i t h  an o f f s h o r e  o o l i t i c  s h o a l .  Se v e r a l  
s h a 1 l owi ng - upwa r d  c y c l e s  a r e  p r e s e n t ;  each g e n e r a l l y  
c o n s i s t i n g  o f  sed i ment s  i n d i c a t i v e  o f  an open m a r i n e  
e n v i r o n m e n t  s h a l l o w i n g  t o  a s h a l l o w  s u b t i d a l  zone ,  a 
t i d a l  zone ,  o r  a sup r a t  i da 1 zone .
Two d i s t i n c t  t ype  o f  b r e c c i a s  a r e  p r e s e n t  t h r o u g h o u t  
t h e  s t u dy  a r e a :  k a r s t  b r e c c i a s ,  and e v a p o r i t e - so 1u t i o n  
br ec c  i a s .
A k a r s t  t opo gr a phy  de v e l o p e d  a t  t h e  top o f  t he  s e c ­
t i o n  d u r i n g  t h e  m i d d l e  t o  l a t e  M i s s i s s i p p i a n  ac count s  
f o r  t h e  e x t r e m e l y  v a r i a b l e  t h i c k n e s s  o f  t h e  M i s s i o n  
Canyon F o r m a t i o n .
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INTRODUCTION
Ge n e r a l  S t r a t i g r a p h y
The M i ss i ss i pp i an Madison Group in t h e  n o r t h e r n  Cor ­
d i l l e r a  is a ma r i n e  sequence o f  p r e d o m i n a n t l y  c a r b o n a t e  
rocks w i t h  s u b o r d i n a t e  amounts o f  t e r r i g e n o u s  e l a s t i c s  and 
e v a p o r  i t e s . I t  c o n s i s t s  o f  two f o r m a t i o n s :  t h e  Lodgepole  
For ma t i on  be l ow,  and t h e  M i s s i o n  Canyon F or mat i on  above.
The Lodgepol e  F or mat i on  can be f u r t h e r  s u b d i v i d e d  i n t o  t he  
Cot tonwood Canyon Member,  t h e  Pa i ne  Sha l e  Member,  and t he  
Woodhurst  L imest one  Member.  I t  is not  c e r t a i n  t h a t  t he  
M i s s i o n  Canyon F o r ma t i on  can be a d e q u a t e l y  s u b d i v i d e d  in 
Montana ; i t  has been suggest ed  t h a t  i t  be d i v i d e d  i n t o  an 
unnamed lower  l i m e s t o n e  and an unnamed upper  l i m e s t o n e ,  
s e p a r a t e d  by a t h i c k  bed o f  i n t r a f o r m a t  i ona l  b r e c c i a  (Sando,  
1 9 7 2 ) ,  o r  i n t o  an unnamed lower  member and an upper  member 
t h a t  may be e q u i v a l e n t  t o  t h e  C h a r l e s  For mat i on  found in the  
s u b s u r f a c e  o f  c e n t r a l  and e a s t e r n  Montana ( R o b e r t s ,  1 9 66 ) .
In s o u t h w e s t e r n  Montana ,  t h e  Lodgepol e  F or ma t i on  r e s t s  
u n c o n f o r ma b 1 y on t h e  Sapp i ngt on  Member o f  t h e  Thr ee  Forks  
F o r m a t i o n ,  and is c o n f o r m a b l e  w i t h  t h e  M i s s i o n  Canyon F o r ­
m a t i o n .  E i t h e r  t h e  Big Snowy Group ( M i s s i s s i p p i a n ) o r  t he  
Amsden F or ma t i on  ( P e n n s y l v a n i a n )  r e s t s  unc onf or ma b 1 y on t h e  
M i s s i o n  Canyon F o r m a t i o n .  There  is no e v i d e n c e  f o r  a m a j o r  
u n c o n f o r m i t y  w i t h i n  t h e  Madison Group ( N o r t o n , 1956;  Sando
and Dut ro,  I 9 6 0 ) .
The Madison Group v a r i e s  c o n s i d e r a b l y  in t h i c k n e s s
1
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t h r o u g h o u t  Montana .  I t  ranges f rom a maximum o f  a p p r o x ­
i m a t e l y  640  m t h i c k  in t h e  W i l l i s t o n  Basin o f  e a s t e r n  Mon­
t a n a  t o  about  550 m in t h e  Big Snowy Trough o f  c e n t r a l  
Mont ana ,  and a g a i n  t o  about  600  m in t h e  M i o g e o s y n c 1 i ne o f  
w e s t e r n  Montana ( f i g .  1 and 2 ) .  I t  then t h i n s  g r a d u a l l y  t o  
about  200 m in bot h  n o r t h  and south c e n t r a l  Montana ( Smi t h  
and G i l m o u r ,  1 9 7 9 ) .  Some o f  t h e  t h i n n i n g  t h a t  t a k e s  p l a c e  
t o  t h e  sout h  is a r e s u l t  o f  d e p o s i t i o n a l  f a c t o r s ,  w h i l e  
most o f  t h e  t h i n n i n g  t h a t  t a k e s  p l a c e  t o  t h e  n o r t h  is a 
r e s u l t  o f  p r e - J u r a s s i c  e r o s i o n  ( Smi t h  and GMmour ,  1 9 7 9 ) .
Purpose
A l t h o u g h  t h e  s t r u c t u r e  and s t r a t i g r a p h y  of  t he  M i s s i o n  
Canyon F or ma t i o n  in s o u t h w e s t e r n  Montana is r e l a t i v e l y  
we 11- d o c u m e n t e d , t h e  f o r m a t i o n  has not  been s t u d i e d  in 
d e t a i l ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  m i c r o f a c i e s  a n a l y s i s .
As t h e  Madison Group is an i mp o r t a n t  a q u i f e r  and a s i g ­
n i f i c a n t  r e s e r v o i r  o f  o i l  and gas in Montana and e l s e w h e r e ,  
a d e t a i l e d  m i c r o f a c i e s  a n a l y s i s  is proposed t o  d e f i n e  t h e  
d e p o s i t i o n a l  e n v i r o n m e n t s ,  d i a g e n e t i c  h i s t o r y ,  and modes 
o f  o r i g i n  and deve l opment  o f  p o r o s i t y  o f  t h e  M i s s i o n  Canyon 
F o r ma t i o n  in s o u t h w e s t e r n  Montana «
The s p e c i f i c  a r e a  o f  s t u d y  is bound by I n t e r s t a t e  15 on 
t h e  w e s t ,  t h e  M o n t a n a / I d a h o  b o r d e r  on t h e  s out h .  I n t e r s t a t e  
90 on t h e  n o r t h ,  and Y e l l o w s t o n e  N a t i o n a l  Pa r k  on t h e  e a s t  








F i g u r e  1. I sopach map o f  Madison Group in Montana.  T h i c k ­
ness in m e t e r s .  M o d i f i e d  f rom Sloss ( 1 9 5 0 ) ,  MeMann 
and Sando ( 1 9 7 6 ) . is ( 1 9 5 5 ) ,




F i g u r e  2 .  M a j o r  t e c t o n i c  e l e me n t s  in Montana d u r i n g  t h e  
E a r l v  t o M i d d l e  Mi ss i ss ipp i a n .  M o d i f i e d  f rom Sando ( 1 9 7 6 )___ i / - * iand Smi th and G i l mo u r  ( 1 9 7 9 ) .
Study Ar ea
But t e
BozemanSe c . 4
D Î 11 on
50 1 
k i 1 omete rs
00Se c . 2
F i g u r e  3.  Map o f  s t ud y  a r e a  showing l o c a t i o n  o f  measured  
s e c t  i o n s .
Study Methods
T h i s  paper  is based on t he  s t udy  o f  f o u r  s t r a t i g r a p h i e  
s e c t i o n s  o f  t he  M i s s i o n  Canyon For mat i on  examined d u r i n g  the  
summer o f  1983.  S e c t i o n s  were measured w i t h  a Jacob ' s  s t a f f  
and s t e e l  t a p e ,  and samples wer e  c o l l e c t e d  a t  e v e r y  b r e a k  
in 1 i t h o  l o g y or  e v e r y  3 . 3  m. The l o c a t i o n s  o f  t he  
s t r a t i g r a p h i e  s e c t i o n s  a r e  g i v e n  in t he  a p p e n d i x  and a r e
shown in f i g u r e  3 above .
A l l  rock  samples were sawed,  s l a b b e d ,  and p o l i s h e d  f o r  
e x a m i n a t i o n  under  a b i n o c u l a r  m i c r o s c o p e .  A p p r o x i m a t e l y  
100 r e p r e s e n t a t i v e  samples wer e  c u t  as t h i n  s e c t i o n s ,  and 
a c e t a t e  p e e l s  were made o f  an a d d i t i o n a l  75 samples f o l l o w -
5
Ing t he  methods o f  McCrone ( 1 9 6 3 ) .  X - r a y  d i f f r a c t i o n  p a t ­
t e r n s  o f  c e r t a i n  samples were  a n a l y z e d  t o  d e t e r m i n e  c a l c i t e ,  
d o l o m i t e ,  q u a r t z ,  and c l a y  c o n t e n t  ( D i e b o l d  e t  a l . ,  1963 ) ,  
and p e r c e n t  d o l o m i t e  n o n s t o i c h o m e t r y  (Lumsden and Chîmahusky,  
1 9 8 0 ) .  Using t h e  above t e c h n i q u e s ,  rocks were examined f o r  
t e x t u r e ,  c o m p o s i t i o n ,  a l t e r a t i o n ,  p o r o s i t y ,  and d i a g e n e s i s .  
C l a s s i f i c a t i o n  used is f rom F o l k  ( 1 9 6 2 )  and Dunham ( 1 9 6 2 ) .  
P o r o s i t y  n o m e n c l a t u r e  is f rom Mur ray  ( I 9 6 0 )  and Choque11e 
and Pray ( 1 9 7 0 ) .  D i a g e n e t i c  p r i n c i p l e s  and terms a r e  f rom 
many sources and a r e  r e f e r e n c e d  in t he  t e x t  where a p p r o p r i a t e
P r e v i o u s  Work
U n t i l  r e c e n t l y  t h e  Madison Group,  and in p a r t i c u l a r  the  
M i s s i o n  Canyon F o r ma t i o n ,  has been s u b j e c t  t o  r e l a t i v e l y  
l i t t l e  i n t e n s i v e  s t udy  in s o u t h w e s t e r n  Montana.  Hambl in  
( 1 9 3 9 )  and Sloss and Hambl in ( 1 9 4 2 )  d i d  a s t udy  o f  i n s o l u b l e  
r e s i d u e s  o f  t he  Madison Group and d e t e r mi n e d  t h a t  t h i s  method  
was o f  p r a c t i c a l  v a l u e  in d i f f e r e n t i a t i n g  t he  s t r a t i g r a p h i e  
u n i t s .  Sloss and M o r i t z  ( 1 9 5 1 )  summarized t h e  P a l e o z o i c  
s t r a t i g r a p h y  o f  s o u t h w e s t e r n  Montana,  but  t h e y  d i d  not  work  
s p e c i f i c a l l y  on t h e  M i s s i o n  Canyon F o r m a t i o n .  Ha l l  ( 1 9 5 2 )  
s t u d i e d  t h e  M i s s i s s i p p i a n  o f  n o r t h w e s t e r n  Montana,  as d i d  
Sl oss  and L a i r d  ( 1 9 4 5 ) .  H o l l a n d  ( 1 9 5 2 )  compared t he  Madison  
t y p e  s e c t i o n  a t  Logan,  Montana,  w i t h  a s e c t i o n  in n o r t h e r n  
Ut ah,  a l t h o u g h  he o n l y  worked w i t h  t he  Lodgepole  F o r ma t i o n .  
S t o c k e r  ( 1 9 5 4 )  expanded Sloss and H a m b l i n ' s  ( 1 9 ^ 2 )  s t udy
i n t o  t h e  s u b s u r f a c e  o f  e a s t e r n  Montana,  and A n d r î c h u k  ( 1 9 5 5 )  
worked on t h e  Madison o f  s o u t h c e n t r a l  Montana and n o r t h e r n  
Wyoming.  Sando and Dut ro ( I 9 6 0 )  and F o s t e r  ( 1 9 6 3 )  i n v e s ­
t i g a t e d  t h e  b i o s t r a t i g r a p h y  o f  t h e  Madison Group in Montana,  
and M i d d l e t o n  ( 1 9 6 1 )  and Rober ts  ( 1 9 6 6 )  worked on t he  k a r s t  
and s o l u t i o n  b r e c c i a s  in t h e  M i s s i o n  Canyon F o r m a t i o n .  Most
r e c e n t l y ,  Sando ( 1 9 7 2 ,  1974)  and Sando and Mamet ( 1 9 7 4 )  e x ­
amined t h e  Madison Group in Montana and Wyoming,  w h i l e
Moore ( 1 9 7 3 )  d i d  a s t udy  o f  t he  Lodgepole  For mat i on  in south
w e s t e r n  Montana,  and Sando ( 1 9 67 ,  19 76 ) ,  Rose ( 1 9 7 6 ) ,  Smi th
and G i l mo u r  ( 1 9 7 9 ) ,  and P e t e r s on  ( 1 9 8 1 )  worked on t he  Mi ss -  
i s s i p p i a n  in t h e  n o r t h e r n  C o r d i l l e r a .
MADISON GROUP STRATIGRAPHY 
Re gi ona l  T e c t o n i c  Elements
The r e  were  s e v e r a l  m a j o r  t e c t o n i c  e l e me nt s  a c t i v e  d u r ­
ing t h e  e a r l y  M i s s I s s Î p p i a n  in Montana ( f i g .  2 ) .  These i n ­
c l u d e  t h e  m i o g e o s y n c l i n e ,  t r e n d i n g  n o r t h - s o u t h  t h r ough  t he  
e x t r e me  w e s t e r n  p a r t  o f  t he  s t a t e ,  the Big Snowy Trough ( u n ­
s t a b l e  s h e l f )  t r e n d i n g  e a s t - w e s t  t h r ough  t h e  c e n t r a l  p a r t  o f  
t he  s t a t e ,  t h e  s t a b l e  s h e l f  t o  t he  n o r t h  and south o f  t he  Big 
Snowy Trough ( c a l l e d  t he  A l b e r t a  S h e l f  and Wyoming S h e l f ,  r e ­
s p e c t i v e l y ) ,  and t h e  W i l l i  s t on  Basin in e a s t e r n  Montana  
( Smi t h  and G i l mo u r ,  1 9 7 9 ) .
C o n s i d e r i n g  t h e s e  t e c t o n i c  e l e m e n t s ,  Scho1 t en  e t  a l .  
( 1 9 5 5 )  d e s c r i b e d ,  and Sando ( 1 9 6 7 )  e n l a r g e d  upon,  t h e  idea  
o f  r e f e r r i n g  t o  t h e  rock u n i t s  based on t h e i r  d e p o s i t i o n a l  
e n v i r o n me n t  in t h e  above s e t t i n g .  T h e i r  " I d a h o  P r o v i n c e "  
is synonymous w i t h  t h e  m i ogeos y n c l i n e ,  t he  "Wyoming P r o v i n c e "  
is t h e  v e r y  s h a l l o w  s h e l f  t h a t  is e s s e n t i a l l y  t he  Wyoming 
S h e l f ,  and t h e  "Montana P r o v i n c e "  is t h e  somewhat deeper  
s h e l f  t h a t  i n c l u d e s  t h e  Big Snowy Trough (Sando,  1 9 67 ) .
D e p o s i t i o n a l  H i s t o r y
Dur i ng  t he  e a r 1 y M i s s I s s i p p i a n , t h e  seas,  whi ch  had 
w i t h d r a w n  t o  t h e  west  in t he  l a t e  Devoni an ,  began t r a n s g r e s s ­
ing i n t o  s o u t h w e s t e r n  and p a r t s  o f  south  c e n t r a l  Montana,  d e ­
p o s i t i n g  t h e  b l a c k  s h a l e s  and s i l t s t o n e s  o f  t h e  Cot tonwood  




























B i g Snowy up 1 Î f t ,
Maximum e x t e n t  o f  Big Snowy-W i 1 i i s ton  
Bas in.
Big Snowy-Wi 1 1 i s t o n  Basin w e l l - d e f i n e d .  
S h e l f  c a r b o n a t e s .
Eros i on  and k a r s t  d e v e l opme nt .
Evapor  i t es ; r e s t r i c t e d  c i r c u l a t i o n .
S u b t i d a l  c a r b o n a t e s .  Ri se  In sea l e v e l
E v a p o r i t e s ;  r e s t r i c t e d  c i r c u l a t i  
f l u x  system causes do 1om11 i z a t  ic 
u n d e r l y i n g  c a r b o n a t e s .
ion.  Re 
i o n  o f
C y c l i c  c a r b o n a t e  s e d i m e n t a t i o n .
S h e l f  c a r b o n a t e s ;  s h e l f  marg i n  s h i f t s  t o  
e a s t  because o f  r i s e  in sea l e v e l .
T e r r i g e n o u s  and c a r b o n a t e  sed i ment s  d e ­
p o s i t e d  in s h a l l o w  b a s i ns  s e p a r a t e d  by 
l and .
F i g u r e  4 .  St r a t  i g raph i c column f o r  t h e  M i s s i s s I p p i a n  In 










F i g u r e  5 .  S t r a t i g r a p h i c  model  ac r oss  Idaho and Montana,  
w i t h  ar rows showing t r a n s g r e s s i v e - r e g r e s s i v e  r e l a t i o n s h i p  
o f  Lodgepole  and M i s s i o n  Canyon F o r ma t i o n s .  M o d i f i e d  f rom 
Rose ( 1 9 7 6 ) .
S l i g h t l y  l a t e r ,  t h e  seas began t r a n s g r e s s i n g  i n t o  w e s t e r n  
Montana,  d e p o s i t i n g  a b l a c k  o r g a n i c  s h a l e  in many i s o l a t e d ,  
s h a l l o w  m a r i n e  b a s i n s .  Thi s  s h a l e  is somet imes found a t  t he  
base o f  t h e  Lodgepole  F o r m a t i o n .  S h e l f  c a r b o n a t e  d e p o s i t i o n  
was i n i t i a t e d  w i t h  c o n t i n u e d  t r a n s g r e s s i o n  i n t o  Montana and 
Wyoming d u r i n g  t he  m i d d l e  t o  l a t e  K i nde r hook ,  a l ong  w i t h  
p e r i o d i c  i n f l u x e s  o f  t e r r i g e n o u s  c l a s t i c  s e d i me n t s ,  and t h i s  
makes up t h e  t h i n - b e d d e d  l i me s t o n e s  and s h a l e s  o f  t h e  Pa ine  
Member.  By l a t e  K i nde r hook  t i me ,  t he  s h e l f  ma r g i n  had s h i f t ­
ed t o  t h e  e a s t  as t h e  r e s u l t  o f  a g e n e r a l  r i s e  in sea l e v e l .  
D u r i n g  e a r l y  Osagean t i m e ,  as t he  seas c o n t i n u e d  t o  advance  
t o  t h e  e a s t ,  t he  i n f l u x  o f  e l a s t i c s  ce as ed ,  r e s u l t i n g  in t he  
t h i n  t o  t h i c k - b e d d e d  l i me s t on e s  o f  t he  Woodhurst  Member.  The
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c o n t a c t  between t h e s e  two members is best  r e c o g n i z e d  a t  t he  
t y p e  s e c t i o n  o f  t h e  Lodgepole  For mat i on  in t he  L i t t l e  Rocky 
M o u n t a i n s .  I t  is o f t e n  i n d i s t i n c t  in o t h e r  a r e a s  ( N o r d q u i s t ,  
1 9 5 3 ) .
The seas reached t h e i r  maximum e x t e n t  by m i d d l e  Osagean 
t i m e .  As t h e y  began r e g r e s s i n g ,  the  M i s s i o n  Canyon Lime­
s t one  was d e p o s i t e d  as a ma ss i ve  t o  t h i c k - b e d d e d , a l most  
p ur e  l i m e s t o n e .  R e s t r i c t e d  c i r c u l a t i o n  d u r i n g  t he  m i d d l e  t o  
l a t e  Osagean and a g a i n  d u r i n g  e a r l y  Meramecian t i me  r e s u l t e d  
in t he  w i d e s p r e a d  d e p o s i t i o n  o f  evapor  i t e s . These evapor  i t  i c 
zones a r e  m a i n l y  p r e s e n t  in t h e  s u b s u r f a c e  o f  c e n t r a l  and 
e a s t e r n  Montana,  and a r e  u s u a l l y  not  p r e s e n t  in o u t c r o p .  
Severson ( 1 9 5 2 ) ,  And r i chuk ( 1 9 5 5 ) ,  and M i d d l e t o n  ( 1 9 6 1 ) ,  
however ,  have shown t h a t  zones o f  s o l u t i o n  b r e c c i a  in the  
o u t c r o p  a r e  c o r r e l a t i v e  w i t h  zones o f  evapo r i t es  in t he  ad ­
j a c e n t  s u b s u r f a c e ,  and t h a t  t h e y  thus r e p r e s e n t  zones o f  the  
l eached e v a por  i t e s .
The M i s s i o n  Ca ny on / Lodge po1e c o n t a c t  is somet imes i n ­
d i s t i n c t ,  and is o f t e n  drawn a r b i t r a r i l y  ( H o l l a n d ,  1952;  
Nor t on ,  1 9 5 6 ) .  I t  is u s u a l l y  t a k e n  as t h e  bot tom o f  t he  
f i r s t  ma s s i v e  l i m e s t o n e  u n i t  (Laudon,  1955)  ( f i g .  6 ) ,  but  
t h i s  is c e r t a i n l y  not  t h e  case  e v e r y w h e r e ,  because t he  base 
o f  t h e  M i s s i o n  Canyon For mat i o n  is somet imes medi um- bedded. 
T h i s  would r e s u l t  in t h e  c o n t a c t  between t he  two f o r m a t i o n s  
be i ng  p l a c e d  h i g h e r  than i t  shoul d  be.  In a d d i t i o n ,  t h e  
c h a r a c t e r  o f  t h i s  c o n t a c t  may change r a p i d l y  o v e r  a s h o r t
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F i g u r e  6 .  M i s s i o n  Canyon/ L o d g e p o 1e c o n t a c t  a l ong  Ode l l  
Creek in t h e  C e n t e n n i a l  Range o f  s o u t h w e s t e r n  Montana.
Note t he  t h i n  beds o f  t h e  Lodgepole  For mat i on  below t he  
c o n t a c t , and t h e  mass i ve  beds o f  t he  M i s s i o n  Canyon above.
d i s t a n c e .  Moran ( 1 9 71 ,  p.  4 7 ) ,  in h i s  s t udy  o f  t h e  Cen­
t e n n i a l  Range o f  s o u t h w e s t e r n  M o nt a n a , w r i t e s :
"The c o n t a c t  between t he  Lodgepol e  and t h e  o v e r l y i n g  
M i s s i o n  Canyon is c o n f o r ma b l e  and r e a d i l y  o b s e r v ­
a b l e  In t he  a r e a .  The c o n t a c t  is sharp,  p l a n a r ,  
and occur s  between t h e  v e r y  t h i n -  and t h i n - b e d d e d  
upper  Woodhurst  L imest one  beds,  and t he  v e r y  t h i c k -  
bedded lower  M i s s i o n  Canyon D o l o m i t e  b e d s . "
However H a l l  ( 19 5 2 ,  p.  93 )  who,  in h i s  s t u d y  o f  t h e  M i s s i s -
s i p p i a n  in Montana and Canada,  measured a s e c t i o n  o n l y  4 km
f rom Mo r a n ' s  says :
"The upper  p a r t  o f  t he  Woodhurst  Member is i n d i s t i n ­
g u i s h a b l e  f rom t h e  M i s s i o n  Canyon L i m e s t o n e . . . "
By l a t e  Meramec t i m e ,  t h e  seas had c o m p l e t e l y  w i t h d r a wn
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t o  t h e  w e s t ,  and t h e  Mi s s i o n  Canyon was s u b j e c t  t o  s u b a e r i a l  
e r o s i o n  and s o l u t i o n  a c t i o n .  The seas r e t u r n e d  t o  much o f  
s o u t h w e s t e r n  and c e n t r a l  Montana v i a  t he  Big Snowy Trough  
and W i l l i  s ton  Basi n ,  both o f  whi ch were w e l l  d e f i n e d  a t  t h i s  
t i m e ,  and d e p o s i t e d  t h e  Big Snowy Group sediment s  in e a r l y  
t o  l a t e  C h e s t e r  t i m e .  The r e s t  o f  t he  s t a t e  remained emer ­
gent  u n t i l  t h e  d e p o s i t i o n  o f  t he  Amsden F or mat i on  sediments  
in t h e  P e n n s y l v a n i a n .  These sed iments  c o l l a p s e d  and f i l l e d -  
i n t h e  c a v e r ns  and c h a nn e l s  o f  t he  k a r s t  t o pogr ap hy  caused  
by t h e  e x t e n s i v e  e x p o s u r e .  Both t he  k a r s t  t opogr aphy  de­
v e l o p e d  a t  t h e  top o f  t he  M i s s i o n  Canyon and t he  v a r y i n g  
amounts o f  t i me  t h a t  t he  f o r m a t i o n  was exposed,  have con­
t r i b u t e d  t o  t he  e x t r e m e l y  v a r y i n g  t h i c k n e s s  o f  the  M i s s i o n  
Canyon F o r m a t i o n .  In t h e  B r i d g e r  Range o f  w e s t e r n  Montana  
t he  M i s s i o n  Canyon F or mat i on  has been r e p o r t e d  as f rom 290  
m t h i c k  (McMannis,  1955)  t o  as low as 130 m t h i c k  (S l oss  
and Hambl i n ,  1 9 4 2 ) .  McMannis ( 1 9 5 5 )  s t a t e d  t h a t  t h e  M i s s i o n  
Canyon is t h i c k e s t  whe r e v e r  i t  is o v e r l a i n  by t h e  Big Snowy 
Group,  and t h i n n e s t  w h e r e v e r  t h e  Big Snowy Group is t h i n  o r  
a b s e n t .  But n ea r  Thr ee  For ks ,  Montana,  Robinson ( 1 9 6 3 )  
showed t h a t  t he  M i s s i o n  Canyon v a r i e s  c o n s i d e r a b l y  in t h i c k ­
ness no m a t t e r  how much o f  t h e  Big Snowy Group is above i t .  
Here t h e  M i s s i o n  Canyon ranges f rom 180 m t o  210 m t h i c k  a t  
M i l l i g a n  Creek t o  300 t o  335 m t h i c k  j u s t  3 km t o  t he  e a s t  
( Ro b i n son ,  1 9 6 3 ) .
Th i s  h i a t u s  in t he  m i d d l e  t o  l a t e  Meramec is a p p a r e n t l y
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r e p r e s e n t e d  t h r o u g h o u t  t h e  s t a t e .  The youngest  f o s s M s  
f ound in t h e  Madison Group a r e  c o r a l s  and f  oram i n i f  e rs o f  
e a r l y  Meramecian age (Sando and Mamet,  19 7^ ) ,  and t h e  o l d e s t  
f o s s i l s  o v e r l y i n g  t he  p o s t - M a d i s o n  u n c o n f o r m i t y  a r e  f o r ­
am i n i f e  rs o f  m i d d l e  Meramecian age (Mamet and Sk i pp ,  1970;  
o r i g i n a l  r e f e r e n c e  not  seen,  see Sando and Mamet,  1 9 7 4 ) .
Some g e o l o g i s t s  ( f o r  example  R o b e r t s ,  1966)  t h o u gh t  t h a t  a l l  
o f  t h e  M i s s i s s i p p i a n  P e r i o d  was r e p r e s e n t e d  in t h e  W i l l i  s ton  
Basin o f  e a s t e r n  Montana ( i . e . ,  as t h e  Madison Group,  t h e  
C h a r l e s  F o r m a t i o n ,  and t h e  Big Snowy G r o up ) .  But t h e  young­
e s t  f o s s i l s  f rom t h e  C h a r l e s  For mat i on  a r e  known t o  be e a r l y  
Meramecian in age (Sando,  I 9 6 0 ) ,  so a h i a t u s  is p r o b a b l y  
a l s o  r e p r e s e n t e d  t h e r e .
Some wo r k e r s  have been a b l e  t o  s u b d i v i d e  t he  M i s s i o n  
Canyon F or mat i o n  i n t o  two o r  t h r e e  members in some a r e a s ,  
Denson and M o r r î s e y  ( 1 9 5 2 )  d e f i n e d  two members o f  t h e  M i s s i o n  
Canyon in t h e  Big Horn and Wind R i v e r  Basins o f  Wyoming; a 
43 t o  49 m t h i c k  lower  member o f  bedded g r a y  t o  t an f i n e l y  
c r y s t a l l i n e  c h e r t y  l i m e s t o n e  and d o l o m i t e ,  and a 27 t o  47 m 
t h i c k  upper  member o f  ma ss i ve  b l u i s h - g r a y  l i me s t on e  and 
f i n e l y  c r y s t a l l i n e  d o l o m i t e ,  w i t h  t he  base marked by a 
b r e c c i a  z one .  In t h e  C e n t e n n i a l  Range o f  s o u t h w e s t e r n  Mon­
t a n a ,  Moran ( 1 9 7 1 )  d i v i d e d  t he  M i s s i o n  Canyon i n t o  a 180 m 
t h i c k  lower  member,  and a 117 m t h i c k  upper  member whi ch may 
be c o r r e l a t i v e  w i t h  t h e  Ch a r l e s  F or mat i o n  in t he  s u b s u r f a c e  
o f  e a s t e r n  Montana.  Sando ( 1 9 7 2 )  examined t he  Madison Group
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in t h e  B e a r t o o t h  Mount a i ns  ac r o s s  t he  boundary between the  
Montana P r o v i n c e  and t he  Wyoming P r o v i n c e .  In each p r o v i n c e  
he was a b l e  t o  i d e n t i f y  t h r e e  members;  a lower  c h e r t y  d o l o ­
m i t e  member d e p o s i t e d  in a r e s t r i c t e d  ma r i n e  e n v i r o n m e n t ,  
a m i d d l e  " C l i f f y  L imestone Member" t h a t  has a 9 rr t h i c k  
b r e c c i a  zone a t  i t s  base ( l o w e r  s o l u t i o n  z one )  whi ch i n d i ­
c a t e s  d e p o s i t i o n  in a r e s t r i c t e d  l agoonal  env i r onme nt  f o l ­
lowed by d e p o s i t i o n  on s h a l l o w  o f f s h o r e  ma r i n e  banks,  and 
an upper  " B u l l  Ridge Member" w i t h  a 6 m t h i c k  b r e c c i a  zone  
a t  i t s  base ( upper  s o l u t i o n  zone )  whi ch a l s o  i n d i c a t e s  l a ­
goonal  d e p o s i t i o n  f o l l o w e d  by ma r i n e  bank d e p o s i t i o n .  The 
upper  s o l u t i o n  zone is a p p r o x i m a t e l y  c o i n c i d e n t  w i t h  the  
Meramec-Osage boundar y .  A l t h ou g h  t h e s e  t h r e e  u n i t s  have not  
been t r a c e d  out  o f  t he  B e a r t o o t h  Mou nt a i n s ,  t he  lower  s o l u ­
t i o n  zone has been t r a c e d  as f a r  away as t h e  Big Snowy 
M o u n t a i n s ,  and t o  t he  t y p e  s e c t i o n  o f  t he  Madison Group a t  
Logan,  Montana ( Smi t h  and G i l mo u r ,  1 9 7 9 ) .
H i s t o r y  o f  Nome nc l a t u r e
Pea 1e ( 1 8 9 3 )  o r i g i n a l l y  d e f i n e d  t he  name "Madison F o r ­
m a t i o n "  f o r  c a r b o n a t e  rocks exposed n ear  Thr ee  For ks ,  Mon­
t a na  t h a t  were above t he  Thr ee  Forks For mat i on  and below  
t h e  Amsden F o r m a t i o n .  He d i v i d e d  t h e  f o r m a t i o n  i n t o  t h r e e  
d i v i s i o n s ;  f rom t he  bot tom up t h e y  were  "Lami nat ed  Lime­
s t o n e s , "  "Mass i ve  L i m e s t o n e s , "  and " Jaspe ry L i m e s t o n e s . "
He gave no t y p e  l o c a l i t y ,  and a p p a r e n t l y  t h e  name "Madison"
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d i d  not  imply t h a t  t he  t y pe  s e c t i o n  was In t he  Madison Range 
nor  a l o n g  t h e  Madison R i v e r ,  but  s i m p l y  was used because the  
Madison is one o f  t he  t h r e e  r i v e r s  t h a t  j o i n  t o  form t he  
M i s s o u r i  R i v e r  near  Three Forks ( S l os s  and Hambl i n ,  1 9 4 2 ) .  
I dd i ngs  and Weed ( 1 8 9 4 )  r e c o g n i z e d  s i m i l a r  rocks n e a r  L i v ­
i n g s t o n ,  Montana,  and Weed ( 1 8 9 9 ) ,  wor k i ng  in t h e  L i t t l e  
B e l t  Mount a i ns  e a s t  o f  He l e n a ,  Mont a na , d i v i d e d  t h e  Madison  
t h e r e  i n t o  t h r e e  members:  t he  C a s t l e  L i mest one ,  t he  Woodhurst  
L i mes t one ,  and t he  Pa i ne  S h a l e .  C o l l i e r  and C a t h c a r t  ( 1 9 2 2 )  
wer e  t h e  f i r s t  t o  use t he  f o r ma l  term "Madison Group" and 
named two f o r m a t i o n s :  t he  M i s s i o n  Canyon For ma t i o n ,  whi ch is 
i d e n t i c a l  t o  t h e  C a s t l e  L imestone o f  Weed ( 1 8 9 9 ) ,  and t he  
Lodgepo1e F o r m a t i o n .  Sloss and Hambl in  ( 1 9 4 2 )  s y n t h e s i z e d  
Madison n o m e n c l a t u r e  and named t he  Pa i ne  and Woodhurst  as 
members o f  t he  Lodgepo1e . They proposed t h e  t y p e  s e c t i o n  
f o r  t he  Madison Group t o  be a l ong  t he  Madison R i v e r  near  
Thr ee  For k s .  They a l s o  e q ua t e d  P e a l e ' s  ( 1 8 9 3 )  " J a s p e ry 
L i me s t one s "  w i t h  t h e  M i s s i o n  Canyon F o r ma t i o n ,  but  o t h e r s  
( f o r  example  H o l l a n d ,  1952;  S t r i c k l a n d ,  1956)  i n c l u d e  t he  
"Mass i ve  L i me s t one s "  in t h e  M i s s i o n  Canyon.
The C h a r l e s  For ma t i o n  was f i r s t  d e f i n e d  by Seager  ( 1 9 4 2 )  
as t h e  c a r b o n a t e ,  t e r r i g e n o u s ,  and e v a p o r i t i c  rocks a t  the  
base o f  t h e  Big Snowy Group in t he  s u b s u r f a c e  o f  t h e  W i l l -  
i s ton Bas i n ,  and l i s t e d  t h e  t y p e  s e c t i o n  as t he  C a l i f o r n i a  
Company No. 4 Wel l  in P e t r o l e u m  County,  Montana.  P e r r y  and 
Sl oss ( 1 9 4 3 )  ag r e ed  w i t h  Seager  ( 1 9 4 2 ) ,  but  Sloss ( 1 9 5 0 )  and
16
N o r d q u i s t  ( 1 9 5 3 )  lowered t he  Ch a r l e s  t o  t he  upper  p a r t  o f  
t h e  Madison Group.  Towse ( 1 9 5 7 )  and Rober t s  ( 1 9 6 6 )  w r i t e  
t h a t  t h e  base o f  t h e  Ch a r l e s  can be c o n s i d e r e d  t o  be t he  
base o f  t h e  lowest  t h i c k  e v a p o r l t e  u n i t  above t h e  mass i ve  
l i m e s t o n e s  o f  t h e  M i s s i o n  Canyon F o r ma t i o n .  However,  s i n c e  
t h e  e v a p o r i t e s  were  d e p o s i t e d  in d i f f e r e n t  p l a c e s  a t  d i f f e r ­
en t  t i m e s ,  o t h e r  a u t h o r s  ( f o r  example M i d d l e t o n ,  1961;  Sando,  
1 9 7 8 ) i n c l u d e  some o f  the  e v a p o r i t e s  in t he  M i s s i o n  Canyon 
F o r m a t i o n .  S i nce  t h e  e v a p o r i t e s  a r e  p r e s e n t  m a i n l y  in t he  
s u b s u r f a c e ,  some wor k e r s  b e l i e v e  t h a t  the  Char l e s  For mat i on  
shoul d  be r e s t r i c t e d  t o  t he  s u b s u r f a c e ;  o t h e r s  (And r i chuk,  
1955;  R o b e r t s ,  1966;  Sando,  1967,  1974,  1976;  B a l s t e r ,  1971)  
have shown a c o r r e l a t i o n  between some o f  t he  s u b s u r f a c e  
e v a p o r i t e  zones and b r e c c i a  zones on s u r f a c e  o u t c r o p s  t h a t  
r e p r e s e n t  t h e s e  e v a p o r i t e  zones removed by l e a c h i n g .  Sando 
and Dut ro ( 1 9 7 4 )  and Sando ( 1 9 7 8 )  suggest  t h a t  t he  Char l e s  
Fo r ma t i o n  shoul d  be c o n s i d e r e d  as t h e  c a r b o n a t e - e v a p o r i t e  
u n i t  t h a t  o v e r l i e s  t h e  M i s s i o n  Canyon For mat i on  In t h e  sub­
s u r f a c e  o f  t he  W i l l i s t o n  Bas i n ,  and t h a t  t h e  name " C h a r l e s "  
shoul d  be c o n f i n e d  t o  t h a t  a r e a .  Thi s  w i l l  be t he  useage  
f o l l o w e d  in t h i s  p a p e r .
LITHOLOGY
On t h e  b a s i s  o f  f o s s i l  c o n t e n t ,  s e d i m e n t a r y  and b i o ­
g e n i c  s t r u c t u r e s ,  t  h i n - s e c t  i on p e t r o g r a p h y ,  and d i a g e n e t i c  
m o d i f i c a t i o n s ,  seven c a r b o n a t e  l i t h o t y p e s  a r e  r e c o g n i z e d  
in t he  M i s s i o n  Canyon For mat i on  o f  s o u t h w e s t e r n  Montana,  as 
f o l l o w s :  ( 1 )  c r i n o i d a l  b i o m i c r i t e ,  ( 2 )  c r i n o i d a l  o o b i o s p a r -  
i t e ,  ( 3 )  b i o p e I m i c r i t e , ( 4 )  b r a c h i o po d  b i o s p a r i t e ,  ( 5 )  f o s ­
s i l  i f e  rous m i c r i t e  and spar se  b i o m i c r i t e ,  ( 6 )  d o l o m i t e ,  and 
( 7 )  l a m i n a t e d  l i m e s t o n e  and d o l o m i t e .
L i t h o t y p e  1: C r i n o i d a l  B i o m i c r i t e  ( f i g .  2 6 ) .
Rocks o f  t h i s  l i t h o t y p e  c o n s i s t  o f  f o s s i l  f r a gment s  
( u s u a l l y  c r i n o i d s )  in a m i c r i t e  m a t r i x .  F o s s i l  f r a gment s  
a v e r a g e  50% o f  the  rock ,  w i t h  c r i n o i d s  be i ng by f a r  the  
most abundant  f o s s i l .  O c c a s i o n a l l y  brach i opods , p e l o i d s ,  
o s t r a c o d s ,  and bryozoans o c c u r ,  but  t he y  u s u a l l y  amount t o  
l ess t han  5% of  t h e  r ock ,  w i t h  for ams,  g a s t r o p o d s ,  and 
c o r a l s  even more r a r e .  The m a t r i x  c o n s i s t s  o f  m i c r i t e  
whi ch  has been l o c a l l y  neomorphosed t o  m i c r o s p a r  and,  less  
f r e q u e n t l y ,  pse udos pa r .  S p a r r y  c a 1c i t e  occurs  i n f r e q u e n t l y  
in t h i s  l i t h o t y p e ,  in amounts up t o  10%, u s u a l l y  as cement  
f t l l i n g - i n  " s h e l t e r "  p o r o s i t y ,  r e p l a c i n g  f o s s i l s  o r  cement ­
ing f o s s i l  mol ds ,  and as r im cement  o r  s y n t a x  i a 1 o v e r gr owt h s  
on c r i n o i d  g r a i n s .  S i l i c a  occur s  o c c a s i o n a l l y  in smal l  
amounts ( l e s s  than 2%),  e i t h e r  r e p l a c i n g  f o s s i l s  or  as 
a n g u l a r  t o  s u b a n g u l a r  d e t r i t a l  q u a r t z  s c a t t e r e d  t h r o ug ho u t
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t h e  r o c k .  P a r t i a l  de l  cm i t  1 z a t  ion o f  t he  m a t r i x  is f a i r l y  
common in t h i s  l i t h o t y p e ,  u s u a l l y  c h a r a c t e r i z e d  by s c a t ­
t e r e d  rhombic euhedra  40 t o  60 mi c r ons  in d i a m e t e r ,  w i t h  
some up t o  125 m i c r o n s .  Thi s  l i t h o t y p e  g e n e r a l l y  has l i t t l e  
o r  no p o r o s i t y ,  ex c e p t  in a few i ns t a n c e s  where i n t e r c r y s ­
t a l l i n e  p o r o s i t y  e x i s t s  in t he  p a r t i a l l y  d o l o m i t i z e d  m a t r i x .  
P y r i t e  may a l s o  e x i s t  in mi nor  amounts,  u s u a l l y  c o n c e n t r a t e d  
in burrows o r  in b i o t u r b a t e d  a r e a s .
Th i s  l i t h o t y p e  is p r e s e n t  in a l l  f o u r  s e c t i o n s  a t  
v a r i o u s  h o r i z o n s .  I t  is t he  dominant  l i t h o l o g y  o f  t he  Camp 
Creek se c t  i o n .
L i t h o t y p e  2 ;  C r i n o i d a l  Oob i ospa r i t e  ( f i g .  17 ) .
The rocks o f  t h i s  l i t h o t y p e  c o n s i s t  o f  f o s s i l  f r agment s  
in a m a t r i x  o f  s p a r r y  c a 1c i t e  cement .  The f o s s i l  f r a gment s  
a v e r a g e  70% o f  t h e  r ock ,  and c o n s i s t  m o s t l y  o f  o o i d s ,  o f t e n  
w i t h  c r i n o i d  p a r t i c l e s  as t h e i r  n u c l e u s ,  c r i n o i d s ,  and p e l ­
o i d s ,  w i t h  l e s s e r  amounts o f  brach i opod s , b r y o z o a n s , and 
f o r a ms .  Some c r i n o i d  p a r t i c l e s  a r e  h e a v i l y  t o  c o m p l e t e l y  
m i c r i t i z e d .  A l l  o f  t h e s e  p a r t i c l e s  a r e  u s u a l l y  w e l l -  
rounded and w e l l - s o r t e d .  The m a t r i x  o f  t h i s  l i t h o t y p e  con­
s i s t s  e n t i r e l y  o f  s p a r r y  c a 1c i t e  cement .  Many rocks o f  
t h i s  l i t h o t y p e  a r e  v e r y  t i g h t l y  compacted,  w i t h  m i c r o -  
s t y l o l i t i c  c o n t a c t s  a l o ng  g r a i n s  and w i t h  c r a c k e d  f o s s i l  
f r a g m e n t s .  These rocks a r e  u s u a l l y  v e r y  w e l l  cemented and 
n o n - p o r o u s , ex c e p t  where p o r o s i t y  has been d e v e l op e d  a l ong
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f r a c t u r e s  o r  s t y l o l i t e s .
T h i s  l i t h o t y p e  occur s  in a l l  s e c t i o n s  ex c e p t  t he  one
a t  Camp Cr ee k .  I t  is best  de v e l op e d  in t h e  B e a r t oo t h  Moun­
t a i n s  and in t h e  Snowc r e s t  Range,  where i t  is p r e s e n t  a t  
v a r i o u s  h o r i z o n s  in t h i n  t o  t h i c k  beds f rom 1 t o  5 m t h i c k .
In t h e  C e n t e n n i a l  Range i t  occurs  o n l y  once,  as a 2 m t h i c k
bed a t  t h e  bot tom o f  t h e  s e c t i o n ,
L i t h o t y p e  3 :  BiopeIm i c r  i t e  ( p l a t e  I B ) .
Th i s  l i t h o t y p e  c o n s i s t s  o f  rocks made up o f  f o s s i l  
f r a gme n t s  in a m a t r i x  o f  p e l o i d s ,  p e l o i d a l  m i c r i t e ,  and 
m i c r o s p a r .  The f o s s i l  f r a gme n t s  make up about  20% o f  the  
rock ,  w i t h  c r i n o i d s ,  brach i opods , and bryozoans t he  most  
abundant  f o s s i l s .  The m a t r i x  c o n s i s t s  o f  s m a l l ,  lumpy, d a r k  
brown,  w e l l - r o u n d e d  and w e l l - s o r t e d  p e l o i d s ,  a v e r a g i n g  about  
50 t o  75 mi crons  in d i a m e t e r .  About  h a l f  o f  t h i s  m a t r i x  
has neomorphosed t o  m i c r o s p a r .  Sp a r r y  c a 1c i t e  e x i s t s  in 
amounts l ess than 5%, r e p l a c i n g  o r  cement i ng  s h e l l  f r a g m e n t s ,  
and as pse udos pa r .  S i l i c a  o ccur s  in t r a c e  amounts,  as sub-  
a n g u l a r  d e t r i t a l  q u a r t z  s i l t  and as a u t h i g e n i c  s i l i c a  r e ­
p l a c i n g  some s h e l l  f r a g m e n t s .
Th i s  l i t h o t y p e  is p r e s e n t  o n l y  in t he  Snowc r e s t  Range 
as a 6 m t h i c k ,  t h i n  t o  medium-bedded c 1 i f f - f o r m i n g  u n i t  
n e a r  t h e  bot tom o f  t he  s e c t i o n .  I t  is a l s o  p r e s e n t  as a 
v e r y  t h i n  l ense  in t he  m i d d l e  o f  t h e  s e c t i o n .
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L i t h o t y p e  4 : Br achî opod B i o s p a r i t e  ( f i g .  19C) .
Rocks o f  t h i s  l i t h o t y p e  c o n s i s t  o f  b r a c h i o po d  f r a gment s  
in a m a t r i x  o f  m i c r i t e ,  m i c r o s p a r ,  and pseudospar ,  w i t h  
s p a r r y  c a I c  i t e  cement .  Brach iopods make up about  35% o f  t he  
rock ,  w i t h  c r i n o i d s ,  o s t r a c o d s ,  b ryozoans,  and c o r a l s  much 
l ess a bundant . .  S p a r r y  c a I c  i t e  e x i s t s  in amounts up t o  50%,  
as cement  and as n e o m o r p h i c ( ? )  o v e r g r o wt h s  on c r i n o i d  g r a i n s ,  
A s l i g h t  amount o f  compact i on  has r e s u l t e d  in o c c a s i o n a l  
c r a c k e d  f o s s i l  f r a g m e n t s .
Th i s  l i t h o t y p e  occurs  o n l y  in t he  Snowc res t Range s e c ­
t i o n  as a 14 m t h i c k ,  t h i n  t o  medium-bedded s l o pe  and c l i f f -
f o r mi n g  u n i t  i mme d i a t e l y  above t h e  6 m t h i c k  i n t e r v a l  o f  
L i t h o t y p e  3.
L i t h o t y p e  5 :  F o s s i 1 i f e r o u s  M i c r i t e  and Sparse B i o m i c r i t e
( p l a t e  I F ) .
Th i s  l i t h o t y p e  is made up o f  rocks w i t h  a f i n e - g r a i n e d  
c a r b o n a t e  mud m a t r i x  w i t h  mi nor  amounts o f  f o s s i l  g r a i n s ,  
spa r i t e ,  and d o l o m i t e .  The m a t r i x  is m o s t l y  o f  m i c r i t e ,  in 
p l a c e s  neomorphosed t o  m i c r o s p a r  and pseudospar ,  and makes 
up f rom 8 5 % t o  o v e r  99% o f  t he  rock .  The g r a i n s  c o n s i s t  o f  
smal l  f r a gme n t s  o f  c r i n o i d s ,  brach i opo ds , o s t r a c o d s ,  b r y o ­
z oans ,  and o t h e r  u n i d e n t i f i e d  f r a g m e n t s .  S pa r r y  c a l c i t e  
cement  occur s  in amounts up t o  5%, u s u a l l y  as cement  in 
molds o r  vugs.  O c c a s i o n a l l y ,  b i r d s e y e  s t r u c t u r e s  a r e  a l s o
p r e s e n t .  In many o f  t h e  rocks o f  t h i s  l i t h o t y p e ,  t he  mud is
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s l i g h t l y  d o l o m i t i z e d ,  u s u a l l y  w i t h  s c a t t e r e d  d o l o m i t e  eu ­
hedra 40 t o  60 mi c r ons  in d i a m e t e r .
Th i s  l i t h o t y p e  is found o n l y  in t he  Snowc res t Range sec ­
t i o n  and in t h e  B e a r t o o t h  Mounta i ns  s e c t i o n .  I t  occurs  a t  
v a r i o u s  h o r i z o n s  as t h i n  t o  ma s s i v e ,  s l ope  and c l  I f f - f o  rm i ng 
u n i t s .
L i t h o t y p e  6 :  D o l o m i t e  ( f i g .  2 5 ) .
Rocks o f  t h i s  l i t h o t y p e  a r e  made up o f  d o l o m i t e  c r y s t a l s  
r a ng i ng  in s i z e  f rom 10 t o  1000 mi c r o ns ,  w i t h  about  75% o f  
them in t h e  range o f  f i n e  t o  medium c r y s t a l l i n e  (16 t o  250  
m i c r o n s ;  t e r m i n o l o g y  f rom F o l k ,  1959 ) ,  and most o f  t hose  
between 30 and 80 m i c r o n s .  Th i s  l i t h o t y p e  is d i v i d e d  i n t o  
f o u r  subt ypes  based on g r a i n  s i z e .
Subtype 1; Very f i n e - g r a i n e d  d o l o m i t e .  The d o l o m i t e  
g r a i n s  in t h i s  subt ype  a v e r a g e  less than 16 mi crons  in d i a ­
m e t e r ,  and t h e y  a r e  u s u a l l y  s u b h e d r a l .  These rocks o f t e n  
have up t o  2% p o r o s i t y  produced by vugs 10 t o  25 mi crons  in 
d i a m e t e r .  Spar r y  c a l c i t e  may a l s o  e x i s t ,  in amounts up t o  
2%, u s u a l l y  as cement  - f  i 11ed vugs and c r i n o i d  mol ds .  Both 
v o i d  space and s p a r r y  c a l c i t e  cement  can e x i s t  in t he  same 
r ock .
Subtype 2:  F i n e - g r a i n e d  d o l o m i t e .  The d o l o m i t e  g r a i n s  
in t h i s  sub t yp e  a v e r a g e  f rom 16 t o  62 mi c r ons  in d i a m e t e r ,  
and t h e y  a r e  u s u a l l y  e u h e d r a l  t o  s u b h e d r a l .  P y r i t e  and de ­
t r i t a l  q u a r t z  occ ur  in t r a c e  amounts in t h i s  s u b t y p e ,  usu­
2 2
a l l y  s c a t t e r e d  t h r o u g h o u t  t h e  rock .  S p a r r y  c a l c î t e  cement  
occ ur s  f r e q u e n t l y  in amounts up t o  15%, u s u a l l y  as cement -  
f i l l e d  vugs and mol ds .  These rocks o f t e n  have f rom 5 t o  
10% p o r o s i t y  produced by vugs,  molds,  and s o l u t i o n - e n l a r g e d  
molds o f  c r i n o i d s .  In a d d i t i o n  t h e r e  a r e  o f t e n  l a r g e  vugs 
up t o  8 mm in d i a m e t e r  o f  unknown o r i g i n .
Subtype 3 :  MedÎ u m- g r a i n e d  d o l o m i t e .  The d o l o m i t e  
g r a i n s  in t h i s  subt ype  a v e r a g e  f rom 62 t o  250 mi c r ons  in 
d i a m e t e r ,  and a r e  u s u a l l y  e u h e d r a l  t o  s u b h e d r a l .  Most of  
t h e s e  rocks have a c o n s i d e r a b l e  amount o f  p o r o s i t y ,  f r e ­
q u e n t l y  as much as 20%, and u s u a l l y  as i n t e r c r y s t a  1 1 i ne 
v o i d  space and as so 1u t i o n - en 1 ar ged molds o f  c r i n o i d s .  
D o l o m i t i z e d  c r i n o i d s  and s c a t t e r e d  pa t ches  o f  s p a r r y  c a l ­
c i t e  cement  a l s o  oc c ur  o c c a s i o n a l l y .
Subtype 4 : C o a r s e - g r a i n e d  d o l o m i t e .  The d o l o m i t e  
g r a i n s  in t h i s  subt ype  a v e r a g e  f rom 250 t o  1000 mi c r ons  in 
d i a m e t e r ,  and a r e  u s u a l l y  e u h e d r a l  t o  s u b h e d r a l .  In t h i n -  
s e c t i o n  t h e y  a r e  u s u a l l y  f e a t u r e l e s s ,  w i t h  o c c a s i o n a l  
vuggy p o r o s i t y .  Th i s  subt ype  is t he  l e a s t  common o f  t he  
f  ou r .
D o l o m i t e  occur s  in a l l  s e c t i o n s  ex c e p t  t he  Camp Creek  
s e c t i o n .  In t h e  C e n t e n n i a l  Range t h e  e n t i r e  s e c t i o n  is 
ma s s i v e  d o l o m i t e  ex c e p t  f o r  t he  lowermost  8 m, whi ch is 
l i m e s t o n e .  The s e c t i o n s  in t he  Snowc res t Range and in t he  
B e a r t o o t h  Mounta i ns  each c o n t a i n  about  40% d o l o m i t e .  F u r ­
t h e r  d i s c u s s i o n  o f  t he  st  r a t  i g raph i c p o s i t i o n  o f  d o l o m i t e
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w i l l  be d e f e r r e d  u n t i l  l a t e r  in the  t e x t .
L i t h o t y p e  7:  Lami nated  Limestone and D o l o m i t e  ( p l a t e  l A ) .
More t han  70% o f  a l l  l a mi n a t e d  rocks obser ved  in t h i s  
s t ud y  a r e  v e r y  f i n e - g r a i n e d  t o  medium-g r a i n e d  d o l o m i t e s .  
L a m i n a t i o n s  in d o l o m i t e s  a r e  u s u a l l y  produced by a l t e r ­
n a t i n g  l a y e r s  o f  c o a r s e  and f i n e - g r a i n e d  d o l o m i t e  c r y s t a l s .  
In a d d i t i o n ,  t h e y  a r e  f r e q u e n t l y  m o t t l e d  by pat ches  and 
h o r i z o n t a l l y - o r i e n t e d  lenses o f  c o a r s e - g r a i n e d  d o l o m i t e  
c r y s t a l s .  Lami nated d o l o m i t e s  u s u a l l y  l a c k  f o s s i l s ,  and 
o f t e n  have b i r d s e y e  and mudcrack f e a t u r e s .
Lami nat ed  l i me s t on e s  a r e  o f  two g e n e r a l  t y p e s :  t hose  
whose l a m i n a t i o n s  a r e  produced by a l t e r n a t i n g  l a y e r s  o f  
c o a r s e  and f i n e - g r a i n e d  p a r t i c l e s ,  and t hose  whose l a mi n a ­
t i o n s  a r e  produced by a l g a e .
Laminated rocks a r e  found in a l l  s e c t i o n s  except  the  
Camp Creek s e c t i o n .  They occ ur  t h r o u g h o u t  each s e c t i o n  
a t  v a r i o u s  s t r a t i g r a p h i c  i n t e r v a l s .
BRECClATION
Two t y p e s  o f  b r e c c i a s  can be r e c o g n i z e d  in t he  M i s s i o n  
Canyon F o r ma t i o n  o f  t h e  s t u d i e d  a r e a :  k a r s t  b r e c c i a s  and 
e v a por  i t e - s o l u t  ion b r e c c i a s .  Rober ts  ( 1 9 6 6 )  has a good 
d i s c u s s i o n  o f  both  t y p e s  in t h e  Madison Group near  L i v i n g s -  
t o n , Montana .
K a r s t  B r e c c l a s
Ka r s t  b r e c c i a s  were d e v e l o p e d ,  s t a r t i n g  in l a t e  Meramec 
t i me ,  when t he  seas w i t h d r e w  t o  t h e  west  f rom Montana.  The 
r e s u l t i n g  p e r i o d  o f  e r o s i o n  de v e l ope d  a k a r s t  t opogr aphy  on 
top o f  t h e  M i s s i o n  Canyon F o r m a t i o n .  The k a r s t  b r e c c i a s  
were formed by t h e  c o l l a p s e  o f  s i n k h o l e s  and ca ve r n  
roofs  p r i o r  t o  o r  d u r i n g  t h e  d e p o s i t i o n  o f  t he  o v e r l y i n g  
rocks ( e i t h e r  t he  Miss i s s i pp i an Big Snowy Group o r  the  
P e n n s y l v a n i a n  Amsden F o r m a t i o n ) .  These b r e c c i a s  have a 
sha r p ,  w e l l - d e f i n e d  lower  boundary and a g r a d a t i o n a l ,  
p o o r l y - d e f i n e d  upper  boundar y .  They a r e  made up o f  v a r y i n g  
s i z e s  o f  a n g u l a r  t o  s u b a n g u l a r  l i m e s t o n e  a n d / o r  d o l o m i t e  
c l a s t s ,  cemented by s p a r r y  c a l c i t e .  Most o f  t h e  c l a s t s  
range f rom 1 mm t o  100 mm in s i z e ,  but  some a r e  so l a r g e  
(up t o  2 m in d i a m e t e r )  t h a t  t h e y  a r e  d i f f i c u l t  t o  i d e n t i f y  
as c l a s t s .  They a r e  somet imes r e d - c o l o r e d  f rom t he  w e a t h e r ­
ing e f f e c t  o f  t h e  o v e r l y i n g  s e d i m e n t s .  In Mont a na , t h e y  
have been d e s c r i b e d  n e a r  L i v i n g s t o n ,  where t h e r e  a r e  c l a s t i c  
d i k e s  o f  red Amsden Sandstone t h a t  f i l l  a s o l u t i o n  channel
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t h a t  is 60 m deep a t  t h e  top o f  the  M i s s i o n  Canyon For mat i on  
( S l o s s  and Hambl i n ,  1 9 4 2 ) ,  near  Toston where t h e r e  is up t o  
30 m o f  r e l i e f  on t h e  top o f  t h e  M i s s i o n  Canyon For mat i on  
( Rob i nson,  1 9 6 3 ) ,  near  R i c e v i l l e  ( Wa l t on ,  19^^) ,  and in 
o t h e r  a r e a s  t h r o u g h o u t  t he  s t a t e .  Henbest  ( 1 9 5 8 )  d e s c r i b e s  
s i m i l a r  f e a t u r e s  in t h e  M i s s i s s i p p i a n  o f  Wyoming, s o u t h ­
w e s t e r n  Co l o r a d o ,  and n o r t h w e s t e r n  New Mexi co.
A l t h o u g h  t h e s e  b r e c c i a s  occ ur  s p o r a d i c a l l y  and a r e  not  
l a t e r a l l y  c o n t i n u o u s ,  t h e y  a r e  u s u a l l y  e v i d e n t  w h e r e v e r  t he  
c o n t a c t  between t h e  M i s s i o n  Canyon For mat i on  and t he  o v e r -  
l y i n g  f o r m a t i o n  is v i s i b l e .  Th i s  c o n t a c t ,  however ,  is o f t e n  
p o o r l y  exposed in t he  a r e a  o f  t h i s  s t u d y .  Of t he  f o u r  sec ­
t i o n s  measured,  a u n i t  i n t e r p r e t e d  as a k a r s t  b r e c c i a  was 
o bs e r v e d  a t  t h e  top o f  t h e  s e c t i o n  in t h e  C e n t e n n i a l  Range 
and in t h e  s e c t i o n  a l ong  Camp Cr eek .  In n e i t h e r  s e c t i o n  is 
t h e  c o n t a c t  o f  t he  M i s s i o n  Canyon For mat i on  w i t h  t he  o v e r -  
l y i n g  Amsden F or mat i on  exposed.  The b r e c c i a s  e x i s t  as 
s c a t t e r e d  pods f rom 20 cm in d i a m e t e r  up t o  lenses 1 m t h i c k  
and 5 m l ong.  They a r e  o f t e n  r e d - c o l o r e d  in t he  C e n t e n n i a l  
Range.  In t he  B e a r t o o t h  Mo un t a i ns ,  a k a r s t  b r e c c i a  was not  
n ot e d ,  but  some l a r g e  s o l u t i o n  caves were observed w i t h  b i ­
n o c u l a r s  on t h e  s i d e  o f  an i n a c c e s s i b l e  c l i f f  near  the top  
o f  t he  s e c t i o n  t h a t  may be a remnant  o f  t h e  k a r s t  t opogr aphy .  
No k a r s t  b r e c c i a  was obser ved  in t h e  Snowc r e s t  Range.
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E v a p o r i t e - So] u t i on Br e c c i a s
E v a p o r î t e - so 1 ut  ion b r e c c i a s  were formed when e v a p o r i t e  
l a y e r s  in t h e  M i s s i o n  Canyon For mat i on  were  l eached by 
g r o u n d w a t e r  as a r e s u l t  o f  s u r f a c e  o r  n e a r - s u r f a c e  exposure  
( f i g .  7 ) .  These b r e c c i a s  p r o b a b l y  formed l a t e r  than the  
k a r s t  b r e c c i a s  because t h e y  a r e  found o n l y  in a r e a s  o f  Late  
C r e t a ce ous  and E a r l y  T e r t i a r y  u p l i f t  ( R o b e r t s ,  19 66 ) ,  a l ­
though M i d d l e t o n  ( 1 9 6 1 )  suggest ed  t h a t  a t  l e a s t  some s o l u ­
t i o n  b recc i a t  i on may be contemporaneous w i t h  k a r s t  brecc i a-  
t  i o n .
A m a j o r  s o l u t i o n  b r e c c i a  zone w i t h i n  t h e  M i s s i o n  Can­
yon F o r ma t i o n ,  whi ch  is somet imes used as a key bed f o r  sub­
d i v i s i o n  o f  t h e  f o r m a t i o n ,  is p r e s e n t  t h r oug hout  much of  
w e s t e r n  Montana and is t he  a p p r o x i ma t e  boundary between t he
F i g u r e  7. Evapor i t e - s o l u t  ion b r e c c i a .  Dark a n g u l a r  c l a s t s  
a r e  v e r y  f i ne 1y - c r y s t a  1 1 i ne d o l o m i t e .  L i g h t e r  a r e a s  a r e  
s p a r r y  c a l c i t e  cement .  Th i n  s e c t i o n ,  p l a n e  l i g h t .  Cen­
t e n n i a l  Range,  U . M. P .  # 7 0 0 4 .  Ba r = 10 mm.
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Osage and t h e  Meramec (Laudon,  1948 ; R o b e r t s ,  19 66 ) .  At  
one t i m e ,  t h i s  b r e c c i a  was t a k e n  t o  r e p r e s e n t  an unconform­
i t y  w i t h i n  t h e  M i s s i o n  Canyon For mat i on  ( B e r r y ,  1943 ;
Laudon,  1948 ; Denson and M o r r i s e y ,  1952;  S t r i c k l a n d ,  1956) ,  
but  l a t e r  w o r k e r s  ( N o r t o n ,  1956;  M i d d l e t o n ,  1961)  have shown 
t h i s  i n t e r v a l  t o  be a b r e c c i a  r e s u l t i n g  f rom t h e  s o l u t i o n  
o f  e v a p o r i t e  beds,  and t h a t  i t  thus does not  r e p r e s e n t  an 
unconfo  rm i t y ,
S o l u t i o n  b r e c c i a s  a r e  u s u a l l y  not  d i f f i c u l t  t o  d i s ­
t i n g u i s h  f rom k a r s t  b r e c c i a s .  A l t hou gh  both types u s u a l l y  
have d i s t i n c t  lower  c o n t a c t s  and i n d i s t i n c t  upper  c o n t a c t s ,  
e v a p o r i t e  s o l u t i o n  b r e c c i a s  a r e  u s u a l l y  much more l a t e r a l l y  
c o n t i n u o u s  than t hose  a t t r i b u t a b l e  t o  k a r s t ;  o f t e n  e x t e n d i n g  
f o r  a d i s t a n c e  o f  t ens o f  k i l o m e t e r s  o r  more.  A d d i t i o n a l l y ,  
s o l u t i o n  b r e c c i a s  a r e  u s u a l l y  a s s o c i a t e d  w i t h  s h a l l o w  w a t e r  
sequences a n d / o r  penecontemporaneous sup r a t  i da 1 do 1om i t  i z a t - 
i on,  and may have a n h y d r i t e - r e p  1acement  pseudomorphs ( Bea l es  
and Older shaw,  1 9 6 9 ) .  S o l u t i o n  b r e c c i a s  t end  t o  have c l a s t s  
w i t h  smal l  s i z e s ,  u n s o r t e d  a t  t he  base,  and gr ade  upward t o  
s l i g h t l y  f r a c t u r e d  r o o f  rocks a t  t he  top ( Sever son ,  1 9 52 ) .  
Ka r s t  b r e c c i a s ,  on t h e  o t h e r  hand,  t end t o  have more m a t r i x  
and o f t e n  f i l l  c a v i t i e s  t h a t  widen upward ( R o b e r t s ,  1966 ) ,  
and thus a r e  more l i k e l y  t o  be v e r t i c a l l y  o r i e n t e d  r a t h e r  
than h o r i z o n t a l l y .  Rober t s  ( 1 9 6 6 )  a l s o  r e p o r t e d  some suc­
cess in d i f f e r e n t i a t i n g  between t h e  two t ypes  o f  b r e c c i a s  
on t h e  ba s i s  o f  t h e  c l a y  m i n e r a l o g y  in t h e  i n s o l u b l e  r es -
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I dues ; w i t h  k a o l î n î t e  p r e d o m i n a t i n g  in t h e  k a r s t  b r e c c i a s  
and i l l i t e  in t he  s o l u t i o n  b r e c c i a s .
E v a p o r i t e  s o l u t i o n  b r e c c i a s  o c c u r  in a l l  s e c t i o n s  e x ­
c e p t  t h e  Camp Cr eek  s e c t i o n .  They a r e  most abundant  in the  
C e n t e n n i a l  Range,  w i t h  i n t e r c a l a t e d  b r e c c i a  zones rangi ng  
f rom 1 t o  1 7 m  t h i c k ,  o c c u r r i n g  i n t e r m i t t e n t l y  f rom t he  
bot tom o f  t h e  s e c t i o n  t o  near  the t o p .  In t he  s e c t i o n s  in 
t h e  B e a r t o o t h  Mount a i ns  and in t he  Snowc r e s t  Range t he y  a r e  
much less p r e v a l e n t .  In t he  Snowc r e s t  Range t h e r e  a r e  two 
o r  t h r e e  zones o f  brecc i a t  ion 1 t o  9 m t h i c k  a t  t he  bot tom  
and n ea r  t h e  c e n t e r  o f  t h e  s e c t i o n ,  and in t he  B e a r t o o t h  
Mount a i ns  t h e r e  a r e  two zones 1 t o  3 m t h i c k ;  one a t  the  
bot tom and one n e a r  t h e  top o f  t he  s e c t i o n .
POROSITY
The o r i g i n  and e v o l u t i o n  o f  p o r o s i t y  in c a r b o n a t e  rocks  
d i f f e r s  in many ways f rom t h a t  in d e t r i t a l  r ocks .  Pr i ma r y  
d e p o s i t i o n a l  p o r o s i t y  in s a n ds t ones ,  f o r  exampl e ,  a v er ages  
f rom 25 t o  40%, w h i l e  t he  p o r o s i t y  in most a n c i e n t  sand­
s t ones  is f rom 15 t o  30% ( C h o q u e t t e  and Pr ay ,  1 9 7 0 ) .  Por ­
o s i t y  r e d u c t i o n  is e f f e c t e d  by compact i on  and c e m e n t a t i o n ,  
and u s u a l l y  t he  f i n a l  p o r o s i t y  o f  t h e  l i t h i f i e d  rock is 
s i m p l y  somewhat - reduced p r i m a r y  i n t e r p a r t i c 1e p o r o s i t y .  By 
compa r i son ,  p r i m a r y  d e p o s i t i o n a l  p o r o s i t y  in c a r b o n a t e s  a v ­
e r ages  40 t o  7 0 % ( B a t h u r s t ,  1966)  and yet  p o r o s i t y  in a n ­
c i e n t  l i me s t on e s  is u s u a l l y  l ess than 5%- Most o r  a l l  o f  
t h e  p o r o s i t y  r e d u c t i o n  in c a r b o n a t e s  comes f rom c e m e n t a t i o n  
o f  t he  por e  space ,  w i t h  p o s s i b l y  a s m a l l e r  amount o f  r e ­
d u c t i o n  coming f rom co mpa ct i on ,  even though many c a r b o na t e s  
show l i t t l e  o r  no e v i d e n c e  of  compact i on  ( Pr a y ,  I 9 6 0 ;  Za n k l ,  
1 9 6 9 ) .  Compact ion may be reduced o r  p r e v e n t e d  by t he  d e ­
ve lopment  o f  e a r l y  cements ,  e s p e c i a l l y  i f  a s u b s t a n t i a l  
f r amewor k ,  o r g a n i c  o r  o t h e r w i s e ,  e x i s t s .  E a r l y  d i a g e n e t i c  
cements ,  however ,  a r e  somet imes i n v o l v e d  in t he  compact i on  
process (Moore e t  a l . ,  1 9 8 1 ) .  G e n e r a l l y  l i mes t ones  com­
posed o f  competent  g r a i n s ,  such as o o i d s ,  can r e t a i n  t h e i r  
p o r o s i t y  under  c omp r e s s i v e  s t r e s s  b e t t e r  than  those  com­
posed o f  less competent  g r a i n s ,  such as p e l l e t s  (Br ock ,  
1 9 8 0 ).
P r i ma r y  Î n t e r p a r t i c 1e p o r o s i t y  can,  however ,  be p re-
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s e r v e d  in l i m e s t o n e ,  a l t h o u g h  I t  is i n f r e q u e n t l y  encoun­
t e r e d .  I t  is most common in a r i d  c l i m a t e s ,  where t he  l ack  
o f  f r e s h  w a t e r  p r e v e n t e d  a s i g n i f i c a n t  amount o f  c e m e n t a t i o n  
(Longman,  1 9 8 1 ) ,  and i f  c e m e n t a t i o n  in t he  ma r i n e  p h r e a t i c  
or  vadose zone d i d  not  occur  or  was o f  mi n o r  consequence.  
Ce me nt a t i on  and compact i on  a r e  thus much more e f f e c t i v e  in 
r e du c i n g  p o r o s i t y  in l i m e s t o n e  than t he y  a r e  in sands t one .
L a t e r  d i a g e n e t i c  e v en t s  a r e  u s u a l l y  ne c e s s a r y  in o r d e r  
t o  e f f e c t  p o r o s i t y  in c a r b o n a t e s .  D i a g e n e t i c  e v e n t s  t h a t  
can produce por e  space i n c l u d e  d i s s o l u t i o n  o f  cement ,  mud,  
o r  f o s s i l s  t o  produce molds or  vugs ; f r a c t u r i n g ,  i n c l u d i n g  
brecc  i a t  ion ; and do 1om i t i z a t  i on.  Excess i ve  1 11host a t  i c
p r e s s u r e  as a r e s u l t  o f  deep b u r i a l  can a l s o  produce second­
a r y  p o r o s i t y  ( Donath e t  a l . ,  1980;  Moore e t  a l , ,  19 81 ) .
These secondar y  pores then c o u l d  become cemented by a n o t h e r  
g e n e r a t i o n  o f  cement ,  and i t  is not  unusual  f o r  t hese  r e ­
cemented pores  t o  become pore space a g a i n  a t  some l a t e r  
t i m e ,  t h r o u g h  o t h e r  d i a g e n e t i c  e v e n t s .  Longman ( 1 9 8 0 )  sug­
g e s t s  t h a t  i t  mi ght  be most u s e f u l  t o  t h i n k  o f  a t i g h t l y  
cemented,  non- por ous  c a r b o n a t e  rock as t he  normal  end p r o ­
duct  o f  d i a g e n e s i s ,  and t h a t  any rock w i t h  s i g n i f i c a n t  p o r ­
o s i t y  is s i m p l y  a t  an i n t e r r u p t e d  s t a g e  o f  i t s  h i s t o r y .
P o r o s i t y  in t h e  l i m e s t o n e s  and d o l o m i t e s  of  t h i s  s t udy  
t a k e  t he  f o l l o w i n g  forms (see Choquet t e  and Pray ,  1970,  f o r  
term ino l o g y ) :
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1. Vugs o f  unknown o r i g i n .
2.  Molds,  u s u a l l y  o f  c r i n o i d s .
3 .  So I u t i o n - en 1 a r ged  molds,  u s u a l l y  o f  c r i n o i d s .
4 .  F r a c t u r e ,  i n c l u d i n g  s t y l o l i t i c .
5.  I n t e r c r y s t a  1 l i ne p o r e s .
6 .  M i c r o p o r e s .
A l l  o f  t h e s e  t ypes  o f  p o r o s i t y  a r e  secondar y  in o r i g i n  e x ­
c e p t  p o s s i b l y  f o r  some m i c r o p o r o s i t y .  The molds and s o l u ­
t i o n - e n l a r g e d  molds a r e  f a b r i c  s e l e c t i v e ,  w h i l e  t he  s t y l o ­
l i t e s ,  f r a c t u r e s  and most o f  t he  vugs a r e  n o t .  The presence  
o f  m i c r o p o r o s i t y  is d i f f i c u l t  t o  e v a l u a t e .  M i c r op or e s  occur  
w i t h i n  c o a t i n g s  on g r a i n s  such as ooi ds  ( f i l i n g ,  1954 ) ,  in 
m i c r i t i c  e n v e l o p e s ,  in c a r b o n a t e  mud, and as smal l  voids  
l e f t  o v e r  when a r a g o n i t e  i n v e r t s  t o  c a l c i t e  ( P i t t m a n ,  1971 ) .  
Because o f  t h e i r  smal l  s i z e  ( l e s s  than 1 m i c r o n )  t hey  a r e  
i mp o s s i b l e  t o  see us i ng  normal  p é t r o g r a p h i e  mi c r oscope  t e c h ­
n i q u e s .  In a d d i t i o n ,  t h e  normal  30 mi c r on  t h i c k n e s s  of  a 
t h i n  s e c t i o n  a l mos t  i n v a r i a b l y  r e s u l t s  in t he  amount o f  
p o r o s i t y  bei ng u n d e r e s t i m a t e d ,  o f t e n  by more than 100% 
( H a i l e y ,  1978 ) ,  and o f  cour s e  pores s m a l l e r  than 30 mi crons  
cannot  be seen a t  a l l .  To a v o i d  t hese  d i f f i c u l t i e s ,  p o r o s i t y  
volumes were e s t i m a t e d ,  w h e r e v e r  p o s s i b l e ,  f rom a c e t a t e  
p e e l s ,  p o l i s h e d  s l a b s  us i ng  a b i n o c u l a r  mi c r osc ope ,  and by 
usi ng u l t r a - t h i n  (5 t o  10 mi c r ons  t h i c k )  t h i n  s e c t i o n s  ( see  
Lindholm e t  a l . ,  1 9 7 3 ) .
In t he  rocks examined f o r  t h i s  s t u d y ,  p o r o s i t y  was 
found t o  be a l mos t  a l ways  a s s o c i a t e d ,  in some way,  w i t h  
d o l o m i t e .  Only about  10% o f  t h e  rocks w i t h  any s i g n i f i c a n t  
amount o f  p o r o s i t y  a r e  l i m e s t o n e ;  a l l  t h e  r e s t  a r e  d o l o m i t e s
3 2
o r  c a l c a r e o u s  d o l o m i t e s .  The most commonly obser ved  type  
o f  p o r o s i t y  is a d o l o m i t i c  rock w i t h  molds,  s o l u t i o n -  
e n l a r g e d  molds,  or  vugs,  w i t h  o r  w i t h o u t  i n t e r c r y s t a l l i n e  
p o r o s i t y .  Almost  i n v a r i a b l y ,  the shape o f  t he  molds sug­
g e s t s  t h a t  t h e y  were o r i g i n a l l y  c r i n o i d s  ( f i g .  8 ) ,  and in 
most cases t he  so 1u t i o n - en 1 a r ge d  molds a r e  most l i k e l y  en ­
l a r g e d  c r i n o i d  mol ds .  C a r e f u l  o b s e r v a t i o n  o f  t he  s o l u t i o n -  
e n l a r g e d  molds w i l l  u s u a l l y  y i e l d  a t  l e a s t  one t h a t  can be 
r e c o g n i z e d  as c r i n o i d - s h a p e d , and i t  is p r o b a b l y  s a f e  t o  
assume t h a t  o t h e r  vugs o r  s o l u t  i o n - e n l a r g e d  molds o f  s i m i l a r  
s i z e  and shape were o r i g i n a l l y  c r i n o i d s .  These molds and 
s o l u t  i o n - e n l a r g e d  molds a v e r a g e  . 75  t o  1 mm in s i z e ,  w i t h  
some as l a r g e  as 4 t o  5 mm. There  a r e  u s u a l l y  a l s o  s m a l l e r  
vugs o f  .1 t o  . 2  mm in s i z e  t h a t  a r e  o f  unknown o r i g i n .
These s m a l l e r  vugs can make up f rom 1 t o  5% p o r o s i t y  in the  
r ock .  I t  is d i f f i c u l t  t o  d e t e r m i n e  i f  t h e s e  s m a l l e r  vugs
F i g u r e  8.  C r i n o i d  mold ( l e f t ) ,  and one cemented w i t h  s p a r r y  
c a l c i t e .  A c e t a t e  p e e l ,  p l a n e  l i g h t .  C e n t e n n i a l  Range,  
U. M. P.  # 7 0 1 0 .  B a r = . 8  mm.
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a r e  f a b r i c  s e l e c t i v e  o r  n o t .  In a d d i t i o n ,  about  40% o f  
t h e  d o l o m i t e s  w i t h  mo 1d ic p o r o s i t y  w i l l  a l s o  e x h i b i t  I n t e r -  
c r y s t a l l i n e  p o r o s i t y .  These pores t a k e  t h e  form o f  i r r e g ­
u l a r l y  shaped spaces between t he  c r y s t a l s  o f  d o l o m i t e .
These pores a r e  u s u a l l y  s m a l l e r  than 60 mi c r o n s ,  and a r e  
obser ved  r i g h t  down t o  t h e  l i m i t  o f  r e s o l u t i o n  w i t h  t he  
m i c r o s c o p e .  Because t h e y  can be so s m a l l ,  t h i s  is one t ype  
of  p o r o s i t y  t h a t  is l i k e l y  t o  be u n d e r e s t i m a t e d  by v i s u a l  
o b s e r v a t i o n  o r  p o i n t  c o u n t i n g .  The best  way t o  d e t e r m i n e  
t he  a c t u a l  amount o f  p o r o s i t y  in t h i s  case would be by some 
p h y s i c a l  method,  such as c a p i l l a r y  p r e s s u r e  measurement  
(Wa r d 1 aw, 1 9 7 6 ) .
The next  most common t y pe  o f  p o r o s i t y  observed is of  
a d o l o m i t i c  rock w i t h  i n t e  rc r y s t a  1 1 i ne p o r o s i t y  o n l y .  In
a l l  cases t h e s e  rocks have a m a t r i x  made up o f  medium 
c r y s t a l l i n e  t o  v e r y  f i n e l y  c r y s t a l l i n e  d o l o m i t e .  No p a r t i ­
c l e s  e x i s t  in t h e s e  r ock s ,  and t h e r e  Is no e v i d e n c e  o f  any 
r e p l a c e d  p a r t i c l e s ,  such as d o l o m i t i c  pseudomorphs of  c r i ­
n o i d s .  These rocks a v e r a g e  84% d o l o m i t e  and 12% p o r o s i t y .
About  85% o f  a l l  porous rocks obser ved in t h i s  study  
a r e  o f  t he  two t y p e s  d e s c r i b e d  above .  Ot he r  t ypes o f  p o r ­
o s i t y  i n c l u d e  l i m e s t o n e  w i t h  smal l  ( l e s s  than 100 mi c r o n s )  
vugs o f  unknown o r i g i n ,  f r a c t u r e  p o r o s i t y ,  which is q u a n t i ­
t a t i v e l y  most i m p o r t a n t  in s o l u t i o n  b r e c c i a s  where c a l c i t e  
cement d i d  not  c o m p l e t e l y  f i l l  f r a c t u r e s  in t he  rock ,  and 
s t y l o l i t i c  p o r o s i t y ,  where s t y l o l i t e s  a r e  open or  where i n-
3 4
s o l u b l e  c l a y  r e s i d u e s  have been removed a l ong  t he  s t y l o l i t e  
( f i g .  9 ) .  Because most o f  t he  p o r o s i t y  Is a s s o c i a t e d  w i t h  
d o l o m i t e ,  a d i s c u s s i o n  o f  t he  o r i g i n  o f  p o r o s i t y  w i l l  be 
d e f e r r e d  t o  t he  s e c t i o n  on d o l o m i t i z a t i o n .
F i g u r e  9.  P o r o s i t y  ( b l a c k )  dev e l oped  a l ong  a s t y l o l i t e .  
Thi n  s e c t i o n ,  c r os s e d  n i c o l s .  B e a r t o o t h  Mount a i ns ,  U. M. P,  
# 6 9 8 2 .  Ba r = . 8  mm.
DlAGENES IS
Rocks o f  t h e  M i s s i o n  Canyon For mat i on  in s o u t hwe s t e r n  
Montana p r o v i d e  a v a r i e t y  o f  d i a g e n e t i c  " f a c i e s "  t h a t  lend  
t hems e l v es  t o  i n t e r p r e t a t i o n  o f  the g e o l o g i c  h i s t o r y  o f  the  
f o r m a t i o n .  In t h i s  s e c t i o n ,  the  s p e c i f i c  types o f  d i a g e n e s i s  
t h a t  have o c c u r r e d  in t he  rocks under  s t udy  w i l l  be d i s ­
cussed.  For t h e  purpose o f  t h i s  r e p o r t ,  d i a g e n e s i s  is de­
f i n e d  f o l l o w i n g  t he  d e f i n i t i o n  proposed by Larsen and 
C h i l i  nga r ( 1 9 79 ,  p.  393 and 39 5 )  and i t  " i n c l u d e s  a l l  phys­
i c o c h e m i c a l ,  b i o c h e m i c a l  and p h y s i c a l  processes  m o d i f y i n g  
sed i ment s  between d e p o s i t i o n  and me t amor ph i sm. "  E x c e l l e n t  
d i s c u s s i o n s  o f  c a r b o n a t e  d i a g e n e s i s  a r e  a v a i l a b l e  f rom many 
a u t h o r s ,  in p a r t i c u l a r  B a t h u r s t  ( 1 9 58 ,  1975 ) ,  Murray ( I 9 6 0 ,
19 64 ) ,  Luc i a  ( 1 9 6 2 ) ,  F o l k  ( 1 9 65 ,  1 9 7 4 ) ,  B r i c k e r  ( 1 9 7 D ,
Larsen and C h i l i  nga r ( 1 9 7 9 ) ,  Moore ( 1 9 7 9 ) ,  Longman ( 1 9 8 0 ) ,  
and F 1u g e 1 ( 1 9 8 2 ) .
The d i a g e n e t i c  changes noted in t h e  rocks o f  t h i s  
s t u dy  a r e  as f o l l o w s ;  ( 1 )  i n v e r s i o n  o f  a r a g o n i t e  t o  c a l c i t e ,  
( 2 )  m i c r i t I z a t i o n , ( 3 )  neomorphism,  ( 4 )  compact i on  and
p r e s s u r e - s o l u t i o n ,  ( 5 )  s i l i c i f i c a t i o n ,  ( 6 )  pyr  i t  i z a t  ion,
( 7 )  c e m e n t a t i o n ,  and ( 8 )  do 1o m i t i z a t i o n .
I n v e r s i o n  o f  A r a g o n i t e  t o  C a l c i t e
In modern c a r b o n a t e  s e d i me n t s ,  a r a g o n i t e  and high Mg- 
c a l c i t e  make up a p p r o x i m a t e l y  70% o f  t h e  sediment  ( S t e h l i  
and Hower , 1 9 6 1 ) ,  w h i l e  in a n c i e n t  c a r b o n a t e  rocks t h e  mi n ­
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e r a l o g y  is u s u a l l y  e n t i r e l y  low M g - c a 1c i t e  ( o r  d o l o m i t e ) .  
B a t h u r s t  ( 1 9 6 4 )  and Fr i edman ( 1 9 6 4 )  show two g e n e r a l  ways 
in whi ch  o r i g i n a l l y  a r a g o n i t e  p a r t i c l e s  can become c a l c i t e :
1. Rep 1a c e m e n t .
2.  S o l u t i o n - d é p o s i t i o n .
These two p r o c e s s e s  d i f f e r  o n l y  in t he  s i z e  o f  t he  v o i d  
space t h a t  e x i s t s  d u r i n g  t h e  p r o c e s s .  Dodd ( 1 9 6 6 )  e n l a r g e d  
upon t h i s  scheme and d e s c r i b e d  f o u r  ways in whi ch s o l u t i o n -  
d é p o s i t i o n  can o c c u r .
A br yozoan  f r a g m e n t  t h a t  has been r e p l a c e d  by c a l c i t e  
is shown in f i g u r e  10.
F i g u r e  10.  Bryozoan f r a g me n t  t h a t  has been r e p l a c e d  by 
c a l c i t e .  The m a t r i x  o f  t h i s  rock  is made up o f  a c o n s i d ­
e r a b l e  amount o f  m i c r o s p a r .  Thi n  s e c t i o n ,  p l a n e  l i g h t .  
Snowc r e s t  Range,  U . M . P ,  # 7 0 3 0 .  Ba r = . 8 mm.
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M ic r i t  î z a t i  on
M î c r i t i z a t i o n  o f  c a r b o n a t e  p a r t i c l e s  is caused by en-  
do 1 11 h î c a l g a e  o r  f u n g i  whi ch  bore i n t o  t h e  p a r t i c l e  and 
then l i v e  in t h e  bored ho l e s  ( B a t h u r s t ,  1 9 66 ) .  A f t e r  t he  
a l g a e  o r  f u n g i  d i e ,  t h e  v a c a t e d  ho l e  u s u a l l y  ge t s  f i l l e d -  
in w i t h  m i c r i t e  ( f i g .  1 1 ) .  Repeated b or i n g  can cause t he  
e n t i r e  p a r t i c l e  t o  become r e p l a c e d  by m i c r i t e  ( f i g .  12 ) .
I f  t h i s  is t h e  c a se ,  t h e  p a r t i c l e  may appear  as a nonde­
s c r i p t  " lump" o f  d a r k  brown m i c r i t e ,  and would then be 
t ermed a " p e 1o i d . "
In a d d i t i o n  t o  t h e  c e n t r i p e t a l  rep l acement  j u s t  de­
s c r i b e d ,  m i c r i t i c  c o a t i n g s  can o c c u r  as c e n t r i f u g a l  
a c c r e t i o n s ,  i . e . ,  as a c o n s t r u c t i v e  e n v e l op e  (Kobl uk  and 
Ri sk ,  1 9 7 7 ) .  In n e i t h e r  case w i l l  t h e s e  env e l opes  form
' A
F i g u r e  I I .  C r i n o i d  g r a i n  ( b l a c k )  w i t h  a bored and m i c r i t i z e d  
r im.  Note t h e  s i n g 1e - c r y s t a  1 e x t i n c t i o n  c h a r a c t e r i s t i c  o f  
c r i n o i d  p a r t i c l e s .  Th i n  s e c t i o n ,  c r os se d  n i c h o l s .  Snowc r e s t  
Range,  U . M . P .  # 7 0 5 1 .  B a r = . 8  mm.
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F i g u r e  12. O o s p a r I t e / g r a î n s t o n e . P a r t i c l e s  in t h i s  rock  
a r e  n e a r l y  c o m p l e t e l y  m i c r i t i z e d .  Thi s  photo  shows the  
p o o r l y  p r e s e r v e d  r a d i a l  s t r u c t u r e  o f  a m i c r i t i z e d  oo id 
( c e n t e r ) .  Thi n  s e c t i o n ,  p l a n e  l i g h t .  B e a r t o o t h  Mount a i ns ,  
U.M.Po # 6 9 9 6 .  B a r = . 2 mm.
under  a g i t a t e d  c o n d i t i o n s  ( Kobl uk  and Kahl e ,  19 78 ) ,  and 
t h e y  a r e  o f t e n  v e r y  d i f f i c u l t  t o  t e l l  a p a r t .
In t h e  M i s s i o n  Canyon Limestones under  s t udy ,  m i c r i t i -  
z a t i o n ,  where i t  o c c u r r e d ,  t o o k  s e v e r a l  fo r ms:  ( 1 )  as t h i n  
m i c r i t i c  e n v e l op e s  ( f i g .  1 3 ) ,  ( 2 )  as t h i c k  m i c r i t i c  c o a t ­
ings,  and ( 3 )  as c o m p l e t e l y  o r  a l mos t  c o m p l e t e l y  m i c r i t i z e d  
p a r t  i c les ( f i g .  1 2 ) .
A m i c r i t i c  e n v e l o p e  around a f o s s i l  f r agment  can remain  
a f t e r  t h e  f r a g m e n t  i t s e l f  has been d i s s o l v e d  away.  I t  w i l l  
then p r e s e r v e  t h e  o u t l i n e  o f  t h e  f r a gment  and may he l p  t o  
i dent  i f y i t .
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F i g u r e  13. S h e l l  f r a gment  w i t h  a m i c r i t i c  env e l ope  f r a c t u r e d  
by c o mpa c t i on .  The f r a gmen t  has been d i s s o l v e d  and cemented  
o r  r e p l a c e d  by s p a r r y  c a l c i t e .  Thi n  s e c t i o n ,  p l a n e  l i g h t .  
B e a r t o o t h  Mo u n t a i ns ,  U. M. P.  # 6 9 8 7 .  B a r = , 8  mm.
Neomorph i sm
The term "neomorphism" was i n t r o d uc e d  by F o l k  (1965 ,  
p.  21 )  as "a compr ehens i ve  te r m o f  i g n o r a n c e . . . f o r  a l l  t r a n s ­
f o r m a t i o n s  between one m i n e r a l  and i t s e l f  or  a p o 1ymorph, . , "  
I t  thus i n c l u d e s  both i n v e r s i o n  and r e c r y s t a l l i z a t i o n ,  and 
is used whenever  t h e  c o m p o s i t i o n  o f  t he  o r i g i n a l  s t a r t i n g  
m a t e r i a l  is unknown.  As i t  is u s u a l l y  i mpos s i b l e  t o  de­
t e r m i n e  t h e  o r i g i n a l  c o m p o s i t i o n  o f  any p a r t i c u l a r  a n c i e n t  
c a l c a r e o u s  mud o r  t h e  t i me  a t  which t h e  t rans f o r mat  i on in 
q u e s t i o n  t o o k  p l a c e  ( i . e . ,  w h e t h e r  b e f o r e  o r  a f t e r  an 
a r a g o n i t i c  mud had i n v e r t e d  t o  c a l c i t e ) ,  "neomorphism" is 
t h e  p r o p e r  t e r m t o  use f o r  p r ocesses  i n v o l v i n g  c a r b o n a t e  
mud.
Thr ee  d i f f e r e n t  neomorph Î c processes  have a f f e c t e d  t h e  
rocks examined f o r  t h i s  s t u d y :
4 0
A. The neomorphism o f  a r a g o n i t e  o r  h igh M g - c a l c i t e  mud t o  
m i c r i t e .  In any l i m e s t o n e  t h a t  o r i g i n a l l y  c o n t a i n e d  c a r ­
bonate  mud, i t s  neomorphism t o  normal  1 t o  4 mi c r on  m i c r i t e  
is an i mp o r t a n t  d i a g e n e t i c  process  ( F o l k ,  19 65 ) .  Both Fo l k  
( 1 9 6 5 ) and B a t hu r s t  ( 1 9 7 5 )  have e x c e l l e n t  d i s c u s s i o n s  o f  
t h i s  p r o c e s s .
B. The neomorphism o f  m i c r i t e  t o  m i c r o s p a r .  M i c r o s p a r  is 
t h e  p r o d u c t  o f  a g g r a d i n g  neomorphism o f  m i c r i t e  t o  l a r g e r  
s i z e d  p a r t i c l e s  o f  a p p r o x i m a t e l y  4 t o  30 mi crons  ( F o l k ,
1 9 6 5 ) .  M i c r o s p a r  can somet imes be d i f f i c u l t  t o  d i s t i n g u i s h  
f rom s i m i l a r  s i z e  c r y s t a l s  o f  p o r e - f i l l i n g  c a l c î t e  cement .  
B a t h u r s t  ( 1 9 7 5 )  d i s c u s s e s  s e v e r a l  ways t o  d i s t i n g u i s h  be­
tween t he  two.  A d d i t i o n a l l y ,  c a r e  must be t aken t o  a v o i d  
c o n f u s i n g  m i c r o s p a r  w i t h  vadose s i l t  (see F o l k  ( 1 9 6 5 )  and 
B a t h u r s t  ( 1 9 7 5 ) ) .
In t h e  M i s s i o n  Canyon For mat i on  o f  s o u t hwe s t e r n  Mon­
t a n a ,  m i c r o s p a r  is common in a l l  s e c t i o n s  exce pt  the d o l -  
om i t  i zed s e c t i o n  in t he  C e n t e n n i a l  Range.  I t  u s u a l l y  occurs  
as s c a t t e r e d  pa t c h e s  up t o  1 mm in d i a m e t e r  as t he  a p p a r e n t  
r e s u l t  o f  t h e  l o c a l  c o a r s e n i n g  o f  m i c r i t e .  The s e c t i o n  a-  
long Camp Creek c o n t a i n s  an abundance o f  m i c r o s p a r  ( f i g .  14 ) .  
Deformed c r i n o i d s  a r e  found in a m a t r i x  o f  m i c r o s p a r  which  
has,  t o  a l a r g e  e x t e n t ,  a l mos t  c o m p l e t e l y  o b l i t e r a t e d  the  
o r i g i n a l  t e x t u r e  o f  t h e  r ock .
C. The neomorphism o f  m i c r i t e  o r  m i c r o s p a r  t o  pse ud os pa r .
I f  m i c r o s p a r  c o n t i n u e s  t o  grow l a r g e r  t han  an a r b i t r a r i l y
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F î gur e  14.  
p a c k s t o n e .
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" S t r e t c h e d "  c r i n o i d  în a c r i n o î d a l  b î o m i c r î t e /
There  is a c o n s i d e r a b l e  amount o f  m i c r o s p a r  in 
t he  m a t r i x  o f  t h i s  rock .  The c r i n o i d  g r a i n  was deformed by 
f o l d i n g .  N o t i c e  t he  l i n e a r  d i s t r i b u t i o n  o f  m i c r i t e  ( l i g h t e r  
c o l o r )  a l ong  t he  g l i d e  p l a ne s  in the  c r i n o i d .  This  is the  
" p r i m a r y  rec r y s t a 1 1 i z a t  ion"  o f  B a t h u r s t  (1975 ) o r  t he  "de­
g r a d i n g  r e c r y s t a 1 1 i z a t i o n "  o f  F o l k  ( 1 9 6 5 ) .  Thin s e c t i o n ,  
c r os s e d  n i ç o i s .  Camp Creek,  U, M . P . # 7 0 5 7 .  Bar=„8 mm.
s e t  upper  l i m i t  o f  about  30 m i c r o n s ,  i t  is then c a l l e d  
pse udos pa r .  Pseudospar  is r e l a t i v e l y  uncommon in the rocks  
o f  t he  M i s s i o n  Canyon F or mat i on  under  s t u d y ,  o c c u r r i n g  
s p o r a d i c a l l y  as o c c a s i o n a l  l a r g e r  g r a i n s  w i t h i n  a mass o f  
m i c r o s p a r ,  o r  as s y n t a x  i a 1 ov e r g r o wt h s  on c r i n o i d  p a r t i c l e s .  
In f i g u r e  15, t h e r e  a r e  s e v e r a l  l i n e s  o f  e v i d e n c e  t h a t  show 
t h a t  t h e  o v e r g r o w t h  on t he  c r i n o i d  g r a i n  is a p r oduct  o f  
a g g r a d i n g  neomorphism and is not  p o r e - f i l l i n g  cement .  A l ­
though F o l k  ( 1 9 6 5 ) suggest s  t h a t  r im cement on a c r i n o i d  
g r a i n  can push a s i d e  m i c r i t e  as i t  grows,  Luc ia  ( 1 9 6 2 )  and 
Evamy and Shearman ( 1 9 6 5 ,  1969)  have shown t h a t  any s i g n i f ­
i c a n t  amount o f  l ime mud in c o n t a c t  w i t h  a c r i n o i d  g r a i n  
p r e v e n t e d  t h e  deve l opment  o f  r im cement .  Ba t hur s t  ( 1 9 7 5 )
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g:
F i g u r e  15. Syntax  I a 1 o v e r g r o wt h  on a c r i n o i d  g r a i n .  This  
is not  p o r e - f i l l i n g  s p a r r y  cement .  A l t hough  in some i n ­
s t ances  s p a r r y  cement ov e r gr owt h s  may be a b l e  t o  f o r c e  the  
m a t r i x  a s i d e  w i t h o u t  r e p l a c i n g  i t  ( F o l k ,  1965 ) ,  in t h i s  e x ­
ample t he  c l o u d y  n a t u r e  o f  t he  spar  and t he  h i g h l y  i r r e g u l a r  
o u t e r  boundary,  e s p e c i a l l y  a l o ng  the  top edge,  is p e r s u a s i v e  
e v i d e n c e  t h a t  t he  spar  is o f  a neomorphic o r i g i n .  Thin  
s e c t i o n ,  p l a n e  l i g h t .  B e a r t o o t h  Mo unt a i ns ,  U . M. P.  #6993 .
Bar= . 8  mm.
a l s o  c l a i m e d  t h a t  in a muds tone  o r  a wackest one  ( i . e . ,  in 
a mud- suppor t ed  r o c k ) ,  any o v e r g r o wt h  on a c r i n o i d  is neces­
s a r i l y  a s y n t a x  i a 1 o v e r g r o w t h .  I f  t h i s  is so,  then in t he  
rock shown in f i g u r e  15, t h e  o v e r g r o wt h  must be a s y n t a x  i a 1 
o v e r g r o w t h ,  assuming t h a t  t h e  g r a i n s  and t he  mud were de­
p o s i t e d  s i m u l t a n e o u s l y .  I f  t he  g r a i n s  were d e p o s i t e d  
f i r s t ,  then an e p i s o d e  o f  r im c e m e n t a t i o n  cou l d  occur  t h a t  
would be t e r m i n a t e d  whenever  t he  c a r b o n a t e  mud was washed 
in.  U n f o r t u n a t e 1 y , in t h i s  exampl e ,  t h e r e  is not  enough 
e v i de n c e  t o  show w h e t h e r  t h e  mud was d e p o s i t e d  a l ong  w i t h  
the  g r a i n s  o r  w h e t h e r  i t  came l a t e r .  There  i s ,  however ,  
t e x t u r a l  e v i d e n c e  t o  suggest  t h a t  t he  o v e r g r o wt h  is o f  the  
neomorphic t y p e .  The e v i d e n c e  c o n s i s t s  o f  the  c l o u d y  n a t u r e  
of  the  spa r  in t h i n - s e c t  i o n , whi ch is t he  r e s u l t  o f  mi nor
^3
p a r t i c l e s  o r  " g h o s t s "  o f  m i c r i t e  t h a t  were not  c o m p l e t e l y  
neomorphosed t o  pseudospar ,  and of  t he  j a g g e d  o u t l i n e  o f  the  
spa r i t e  c r y s t a l ,  e s p e c i a l l y  a l ong  i t s  top edge,  w i t h  l a r g e  
p at che s  o f  m i c r i t e  " f l o a t i n g "  in i t .  The spa r i t e  in t h i s  
example is thus p r o p e r l y  termed a " s y n t a x  i a 1 o v e r g r o w t h "  
( B a t h u r s t ,  1 9 5 8 ) .
Compact ion and P r e s s u r e - S o  1u t i o n
Compact ion e f f e c t s  in t he  rocks o f  t h i s  s tudy range  
f rom no v i s i b l e  s i gns  o f  compact i on  t o  mi nor  g ra i n i n t e r ­
p e n e t r a t i o n  t o  s t y l o l i t e s  w i t h  a m p l i t u d e s  of  up t o  15 mm.
In g e n e r a l ,  however ,  most o f  t he  rocks show e v i de n c e  of  
l i t t l e  o r  no c o mp a c t i o n .  In f i g u r e  16, j u d g i n g  by v i s u a l
F i g u r e  16. F l o o r e d  c a v i t y  w i t h i n  a b r ac h i opo d  s h e l l .  Area  
occup i ed  by s p a r r y  cement  was once p r i m a r y  p o r o s i t y .  The mi- 
c r i t i c  sed i ment  w i t h i n  t h e  s h e l l  is v i r t u a l l y  i d e n t i c a l  t o  
t h a t  o u t s i d e  o f  t h e  s h e l l .  Th i s  is a good i n d i c a t i o n  o f  the  
n e g l i g i b l e  amount o f  compact i on  t h a t  took  p l a c e .  Thin  
s e c t i o n ,  p l a n e  l i g h t .  B e a r t o o t h  Moun t a i ns ,  U.M.P.  #6 98 6 .
Ba r = . 8 mm.
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o b s e r v a t i o n  o f  t he  m i c r i t e  i n s i d e  t he  s h e l l  compared t o  o u t ­
s i d e  o f  i t ,  i t  is c l e a r  t h a t  t he  sediment  underwent  l i t t l e  
i f  any c o m p a c t i o n .  On t he  o t h e r  hand,  one mi ght  a r gue  t h a t  
j u s t  because t h e r e  a r e  no obv ious s i gns  o f  c o mpa c t i on ,  such 
as broken f o s s i l  g r a i n s ,  t h a t  t he  sediment  was not  compacted.  
Shinn and o t h e r s  ( 1 9 7 7 )  have conducted e x p e r i me n t s  where  
f i n e - g r a i n e d  l i me s t o n e s  were compacted 50 t o  65% under  a 
p r e s s u r e  o f  550 kg/cm , and f o s s i l  f r agment s  w i t h i n  were not  
b r o k e n .  Brown ( 1 9 6 9 )  compacted mu d- suppor t ed  sediments  
under  loads o f  more than 1000 kg/cm^ and o n l y  r a r e l y  d i d  any 
s h e l l s  b r e a k .  Unbroken f o s s i l s ,  t h e r e f o r e ,  a r e  not  e v i d e n c e  
t h a t  a sed i ment  has not  compacted,  a t  l e a s t  in a mudstone or  
w a c k e s t o n e .
Meyers ( 1 9 8 0 )  showed t h a t  compact i on  c o u l d  reduce i n t e r -  
g r a n u l a r  volumes in a muddy sediment  by up t o  50%, and t h a t  
c o mpa c t i on  was e s s e n t i a l l y  c o mpl e t e  by t he  t i me  a sediment  
had been b u r i e d  t o  a dept h  o f  2000 m. Th i s  d a t a  is con­
s i s t e n t  w i t h  t he  f i n d i n g s  o f  F r u t  h and o t h e r s  ( 1 9 6 6 )  whose 
e x p e r i m e n t a l  work showed t h a t ,  even w i t h  v a r y i n g  i n i t i a l  
p o r o s i t i e s ,  a l l  se d i ment s  s t u d i e d  had a p p r o x i m a t e l y  35% 
p o r o s i t y  under  compa ct i on  e q u i v a l e n t  t o  b u r i a l  a t  1100 m,
22 t o  28% a t  4600  m, and 14 t o  25% a t  9100 m.
Rocks o f  t h e  M i s s i o n  Canyon F or mat i on  examined d u r i n g  
t h e  c o u r s e  o f  t h i s  s t udy  e x h i b i t  t h r e e  t ypes  o f  compact i on  
f e a t u r e s  : ( 1 )  m i n o r  g r a i n  i n t e r p e n e t r a t  ion and p r e s s u r e -  
5 0 1ut  i on, ( 2 )  " f i t t e d "  f a b r i c s  and s o l u t i o n  seams, and ( 3 )
4 5
s t y l o ! î t e s .
M i no r  g r a i n  i n t e r p e n e t r a t i o n  and p r e s s u r e - s o l u t  ion a r e  
bes t  shown in o o l i t i c  rocks ,  because the  o r i g i n a l  shape o f  
a p a r t i a l l y  d i s s o l v e d  oo i d  is e a s i l y  d e t e r m i n e d .  In f i g u r e  
17 , i t  is easy  t o  t e l l  how much any p a r t i c u l a r  0 0 1d has 
p e n e t r a t e d  i t s  n e i g h b o r .  Note e s p e c i a l l y  t he  two oo i ds  a t  
t h e  bot tom c e n t e r  o f  t he  ph o t og r a ph .  Thi s  t y pe  o f  f a b r i c  is 
a l s o  found between c r i n o i d  p a r t i c l e s  in t h i s  rock and in 
o t h e r  r ock s .
F i t t e d  f a b r i c s  and s o l u t i o n  seams a r e  not  common in t he  
rocks o f  t h i s  s t u d y .  Where t h e y  e x i s t ,  t hey  c o n s i s t  o f  
s t r o n g l y  f I t t e d - t o g e t h e r  p a r t i c l e s  w i t h  s o l u t i o n  seams a l ong  
t h e  p a r t i c l e  c o n t a c t s .  A p p a r e n t l y  t h e s e  s o l u t i o n  seams a r e
F i g u r e  17. Oospa r i t e / g r a  i n s t o n e .  The n u c l e i  o f  many o f  
t h e s e  00 ids a r e  c r i n o i d  f r a g m e n t s .  The l i n e a r  g r a i n  near  
t h e  c e n t e r  has been c r a c k e d  by compact i on  w i t h  t h e  c r a c k  
l a t e r  h e a l e d  by s p a r r y  c a l c i t e  cement .  Many ooi ds  a r e  In 
m i c r o s t y l o i i t i c  c o n t a c t  w i t h  one a n o t h e r .  Th i n  s e c t i o n ,  
p l a n e  l i g h t .  B e a r t o o t h  Mo u n t a i ns ,  U. M. P ,  #6 9 8 7 . Ba r = . 8 mm
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t h e  r e s u l t  o f  s o l u t i o n  t r a n s f e r  where ,  when g r a i n s  a r e  d i s ­
s o l v e d  a t  t h e i r  p o i n t s  o f  c o n t a c t  w i t h  o t h e r  g r a i n s ,  t h e  
s o l u t i o n  is p r e c i p i t a t e d  as cement  somewhere e l s e  ( e i t h e r  on 
t h a t  same g r a i n  o r  e l s e w h e r e ) ,  and t he  r e s u l t  is a p a r t i c l e  
o r i e n t a t i o n  w i t h  t h e  long axes a r r a n g e d  h o r i z o n t a l l y  
( B a t h u r s t ,  1 9 7 5 ) .
S t y l o l i t e s  o c c u r  f r e q u e n t l y  in t he  rocks o f  t h i s  s t u d y .  
They a r e  g e n e r a l l y  s u t u r e d ,  and less f r e q u e n t l y  occur  as a 
s i m p l e  wave o r  sharp peak ( t e r m i n o l o g y  f rom Park  and Schot ,  
1 9 6 8 ) .  A m p l i t u d e s  range up t o  15 mm, and a l most  a l l  a r e  
p a r a l l e l  t o  t h e  p l a n e  o f  be d d i n g .  Most s t y l o l i t e s  c o n t a i n  
i n s o l u b l e  r e s i d u e s  o f  c l a y  o r  o t h e r  m a t e r i a l ;  some a p p a r ­
e n t l y  have had t h i s  c l a y  removed,  r e s u l t i n g  in p o r o s i t y  
a l o n g  t h e  s t y  l o i i t e  ( f i g .  9 ) ,  and some c o n t a i n  dead o i l  or  
b i t u mi n o u s  compounds.
Dunni ngton ( 1 9 5 4 )  e s t i m a t e d  t h a t  s t y l o l i t e s  would not  
form u n t i l  a rock had been b u r i e d  t o  a t  l e a s t  600 m, w h i l e  
S c h o l l e  ( 1 9 7 1 )  e s t i m a t e d  a t  l e a s t  500 m. Buxton and S i b l e y  
( 1 9 8 1 ) r e l a t e d  t h e  s t y l e  o f  p r e s s u r e - s o l u t i o n  t o  c e m e n t a t i o n .  
S o l u t i o n  seams and f i t t e d  f a b r i c s  were  most common in pack-  
s t o n e s , w a c k e s t o n e s ,  and p o o r l y - c e m e n t e d  g ra i n s t o n e s , w h i l e  
s t y l o l i t e s  wer e  found in we 11- cement ed  g ra i n s t o n e s . T h e i r  
o b s e r v a t i o n s  do not  seem t o  a g r e e  w i t h  t h os e  o f  t h i s  s t u d y .  
A l t h o u g h  t h e r e  a r e  not  enough g ra i nstones in t he  s e c t i o n s  
s t u d i e d  t o  make any s t a t i s t i c a l l y  s i g n i f i c a n t  c o r r e l a t i o n s  
w i t h  t h e  r e s u l t s  o b t a i n e d  by Buxton and S i b l e y  ( 1 9 8 1 ) ,  most
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s t y l o l i t e s  obs er ve d  in t he  rocks under  s t udy  occur  in pack-  
s t one s  and in d o l o m i t e s .
S i 1 i c i f i c a t  i on
S i l i c a  is m o d e r a t e l y  common in the  rocks o f  t h i s  s t udy  
and occurs  in a l l  f o u r  s e c t i o n s .  A u t h i g e n i c  s i l i c a  u s u a l l y  
occur s  as a l i g h t  g r a y  t o  cream c o l o r e d  c h e r t ,  in beds up t o  
5 cm t h i c k ,  s t r i n g e r s  2 t o  5 cm t h i c k ,  and nodules up t o  10 
cm t h i c k .  The nodules a r e  u s u a l l y  i r r e g u l a r l y  shaped,  and 
a r e  f l a t t e n e d  in t h e  p l a n e  o f  bedd i ng .  The c h e r t  u s u a l l y
r e p l a c e s  both t he  p a r t i c l e s  and t he  m a t r i x  o f  the rock,  a l ­
though in t  h i n - s e c t  i o n , s i l i c a  can be seen t h a t  s e l e c t i v e l y  
r e p l a c e s  o n l y  f o s s i l  f r a g m e n t s .  C r i n o i d s  a r e  t he  f o s s i l  
most l i k e l y  t o  be s i l i c i f i e d ,  w i t h  brach iopods and gas t r op ods  
somewhat l e s s - l i k e l y  c a n d i d a t e s .  Th i s  o b s e r v a t i o n  does not  
seem t o  a g r e e  w i t h  t h e  r e s u l t s  o b t a i n e d  by Newel l  and o t h e r s  
( 1 9 5 3 ) ,  who found br yoz oan s ,  b r a c h i o p o d s ,  and mo 11 usks more 
s u s c e p t i b l e  t o  s i l i c i f i c a t i o n  than c r i n o i d s .
The c r y s t a l  s i z e  o f  t he  a u t h i g e n i c  s i l i c a  ranges f rom  
c r y p t o c r y s t a l  1 ine t o  about  15 m i c r o n s .  In some cases where  
t h e  rocks a r e  d o l o m i t i z e d ,  i t  can be seen t h a t  s i l i c i f i c a t i o n  
both p r ec ede d  t h e  do 1om i t  i z a t  ion process  and p r e v e n t e d  i t
f rom do 1om i t i z i ng t h e  e n t i r e  rock  ( f i g .  18A) .
D e t r i t a l  q u a r t z  s i l t  a l s o  occur s  in t h e  rocks o f  t h i s  
s t u d y .  I t  is p r e s e n t  in a l l  f o u r  s e c t i o n s ,  a l t h o u g h  i t  is 
v e r y  r a r e  in t h e  Camp Creek s e c t i o n .  Where p r e s e n t ,  i t
48
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F i g u r e  18, Common s i l i c i f i c a t i o n  t e x t u r e s .  ^  P o r t i o n  o f  
a c h e r t  nodul e  In m e d i u m - c r y s t a l  1 ine d o l o m i t e .  The p r e ­
s e r v a t i o n  o f  the  o r i g i n a l  t e x t u r e  in the  c h e r t  ( l i g h t  c o l o r )  
is b e t t e r  than in t h e  d o l o m i t e ,  i n d i c a t i n g  t h a t  s i l i c i f i c a ­
t i o n  pr eceded  do 1om i t i z a t  i o n . Thin s e c t i o n ,  p l a n e  l i g h t ,  
Snowcrest  Range,  U. M. P.  # 7 0 4 3 .  Ba r = . 8 mm. ^  Cr oss- bedded  
d e t r i t a l  q u a r t z  s i l t  ( w h i t e  s p o t s )  in f  i ne 1y - c  r y s t a 11 i ne 
d o l o m i t e .  Thi n  s e c t i o n ,  p l a n e  l i g h t .  B e a r t o o t h  Mount a i ns ,  
U. M. P .  # 6 9 7 6 .  Ba r = 10 mm.
u s u a l l y  occ ur s  In amounts less than 2%, as s ubangu1 a r q u a r t z  
s i l t  s c a t t e r e d  t h r o u g h o u t  t h e  r ock .  No a t t e m p t  was made t o  
a n a l y z e  t h e  sources nor  t h e  mechanics o f  d i s t r i b u t i o n  of  
d e t r i t a l  c o n s t i t u e n t s  o f  t h e s e  r ocks .
Pyr  i t  i z a t  ion
P y r i t e  is r e l a t i v e l y  uncommon in t he  rocks o f  t h i s  
s t u d y .  I t  occur s  in a l l  s e c t i o n s  ex c e p t  t h e  Camp Creek  
s e c t i o n .  I t  u s u a l l y  e x i s t s  in t r a c e  amounts,  as 10 t o  30  
mi c r o n  e u h e d r a ,  o f t e n  c o n c e n t r a t e d  in burrows or  in b l o -  
t u r b a t e d  a r e a s  o f  t he  rock .  I t  a l s o  a l mos t  i n v a r i a b l y  
occ ur s  w i t h  c h e r t .  I t  is i n t e r p r e t e d  t o  be a u t h i g e n i c  on
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t h e  b a s i s  o f  i t s  e u h e d r a l  f o rm.
The s p e c i f i c  c o n d i t i o n s  under  which t he  p y r i t e  was 
formed c o u l d  not  be d e t e r m i n e d ,  a l t h o u g h  i t s  a s s o c i a t i o n  
w i t h  bur rowed and b i o t u r b a t e d  sed iment s  suggests  a b a c t e r i a l  
o r i g i n  under  e u x e n i c  c o n d i t i o n s  ( Lar s en  and C h i l i n g a r ,  1 9 7 9 ) .  
Euxenic  c o n d i t i o n s  can e x i s t  in s h a l l o w  w a t e r  below the  
s e d i m e n t / w a t e r  i n t e r f a c e  ( M o r e t t i ,  1 9 5 7 ) .  Here ,  in t he  
pr e s e n c e  o f  o r g a n i c  m a t t e r ,  a n a e r o b i c  b a c t e r i a  can reduce  
s u l f a t e  in sea w a t e r  t o  y i e l d  H2 S, whi ch can combine w i t h  
i r on  t o  form p y r i t e .  In c a r b o n a t e  sed iments  t he  l i m i t i n g  
f a c t o r  is u s u a l l y  t he  smal l  amount o f  i ron  a v a i l a b l e  ( B e r n e r ,  
1 9 7 0 ) .  Both p y r i t e  and c a l c i t e  a r e  s t a b l e  a t  a pH o f  8 . 0  
and an Eh of  - 0 . 3  (Krumbein and G a r r e l s ,  1 9 5 2 ) .
Cementat  ion
Thr ee  t ypes  o f  cement  a r e  found In t h e  rocks o f  t he  
M i s s i o n  Canyon F or mat i on  under  s t u d y :  ( 1 )  r a d i a l  f i b r o u s  
cement ,  ( 2 )  c o a r s e ,  b l o c k y  spa r i t e , and ( 3 )  r im cement  on 
c r i n o i d s .  M i c r i t e  cement  and s y n t a x i a l  o v e r g r o wt h s  on 
c r i n o i d  g r a i n s  wer e  p r e v i o u s l y  d i s c u s s e d  under  neomorphism 
( p .  3 9 ) .  I t  shoul d  be r e - e m p h a s I z e d  here  t h a t  a l l  s p a r r y  
c a l c i t e  found In t h e s e  rocks Is not  n e c e s s a r i l y  cement ;  
some o f  i t  is o f  a neomorphic o r i g i n .  F a b r i c  c r i t e r i a  were  
p r e v i o u s l y  d i s c u s s e d  a n d / o r  r e f e r e n c e d  f o r  neomorphic s p a r ,  
and B a t h u r s t  ( 1 9 7 5 )  d i s c u s s e s  c r i t e r i a  f o r  t h e  r e c o g n i t i o n  
o f  cement .
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R a d i a l  f i b r o u s  cement  e x i s t s  as Isopachous c r u s t s  up 
t o  20 mi c r ons  t h i c k  s u r r o u n d i n g  s h e l l  f r a g m e n t s ,  i t  occurs  
f r e q u e n t l y  in g ra i n s t o n e s . In f i g u r e  17, t h e  b r ac h i opod  
s p i n e ( ? )  in t h e  c e n t e r  o f  t h e  photo  has a t h i n  c o a t i n g  of  
r a d i a l  f i b r o u s  cement  a l l  a l ong  i t s  o u t e r  p e r i m e t e r .  Note  
t h a t ,  p a r t i c u l a r l y  a l o n g  i t s  l e f t  end,  t h i s  cement has p r e ­
ve n t e d  t h e  s p i n e  f rom coming in c o n t a c t  w i t h  t h e  o o i d s ,  and 
t h a t  t h e  oo i ds  a r e  in m ic r os t  y l o i i  t ic c o n t a c t  w i t h  one 
a n o t h e r ,  and have no l a y e r  o f  f r i n g i n g  cement .
F i g u r e  19 shows s e v e r a l  good examples o f  t h e  t e x t u r e  
o f  p o r e - f i 11 I n g , c o a r s e ,  b l o c k y  s p a r .  The o s t r a c o d  s h e l l  
in f i g u r e  19A shows t he  t y p i c a l  f a b r i c  o f  p o r e - f i l l i n g  
s p a r r y  cement  p a r t i c u l a r l y  w e l l .  Note e s p e c i a l l y  t h e  numer-  
c r y s t a 1s a l ong  t he  s h e l l  w a l l  and how t h e y  coar sen  and be­
come less numerous t oward t he  c e n t e r .  Th i s  is caused by 
c o m p e t e t i v e  growth whi ch f a v o r s  one p a r t i c u l a r  c r y s t a l  
o r i e n t a t i o n  ove r  a n o t h e r  ( B a t h u r s t ,  1975)  and p o s s i b l y  be­
c a u se ,  as t h e  por e  space f i l l s  up w i t h  cement ,  t h e  d i f f u s i o n  
r a t e  o f  t he  w a t e r  moving t h r oug h  t he  pores d e c r e a s e s ,  p e r ­
m i t t i n g  t h e  c r y s t a l s  t o  grow l a r g e r  (Longman,  19 80 ) .
Coar se ,  b l o c k y  s p a r  is p a r t i c u l a r l y  w e l l  de v e l ope d  in 
o o l i t i c  and c r i n o i d a l  g r a I n s  t o n e s , and a l s o  w h e r e v e r  i t  
f i l l s - i n  o r i g i n a l  s h e l t e r  p o r o s i t y  in packs t ones  ( f i g .  19C) .  
Coar se ,  b l o c k y  spar  a l s o  occur s  f r e q u e n t l y  f i l l i n g - i n  s e c ­
o n d a r i l y  d e r i v e d  por e  space,  e s p e c i a l l y  t h e  vugs,  molds ,  
and s o l u t  i o n - e n l a r g e d  molds o f  c r i n o i d s  d e v e l op e d  d u r i n g
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F i g u r e  19. Common cement  t e x t u r e s .  ^  Ost racod s h e l l  f i l l ­
ed w i t h  s p a r r y  c a l c i t e  cement .  A c e t a t e  p e e l ,  p l a n e  l i g h t .  
Snowcrest  Range,  U . M. P .  # 7 0 3 2 ,  Ba r = . 2  mm, B_, Cemented 
c r i n o i d  mold in c a l c a r e o u s ,  f i ne 1y - c r y s t a  11 i ne d o l o m i t e .
The do 1o m i t i z a t i o n  pr ocess  in t h i s  rock d i s s o l v e d  t he  f o s s i l s  
( h e r e  m o s t l y  c r i n o i d s ) ,  and a t  one t i me  t h i s  rock had mo l d i c  
p o r o s i t y .  These molds were  l a t e r  f i l l e d - i n  w i t h  s p a r r y  c a l ­
c i t e  cement .  Thi n  s e c t i o n ,  p l a n e  l i g h t .  Snowcrest  Range,  
U. M. P .  # 7 0 3 8 . B a r = . 8  mm. C_. D o l o m i t i c  c r i n o i d a l  packs t o n e . 
Bl ocky  s p a r r y  cement  o c c u p i e s  a r e a s  t h a t  were once vo i d  
space - formed f rom t he  s h e l t e r i n g  " u m b r e l l a "  e f f e c t  o f  t h e  
b r a c h i o p o d  s h e l l s .  T h i s  is known as s h e l t e r  cement .  Thin  
s e c t i o n ,  p l a n e  l i g h t .  B e a r t o o t h  Mo unt a i ns ,  U . M. P .  # 6 9 8 6 . 
Bar=10 mm. Dark a r e a  a t  l e f t  is f rom A l i z a r i n e  Red-S s t a i n .
do 1o m i t i z a t i o n  ( f i g .  19 8 ) .
In many c a s e s ,  t h e r e  is e v i d e n c e  o f  a t i me  i n t e r v a l  
between t h e  d e p o s i t i o n  o f  r a d i a l  f i b r o u s  cement and t h e  
d e p o s i t i o n  o f  a c o a r s e r ,  b l o c k y  s p a r .  In f i g u r e  20,  i t  is 
a p p a r e n t  t h a t  a f t e r  t he  r a d i a l  f i b r o u s  cement  grew a round 
t h e  o s t r a c o d ( ? )  f r a g m e n t ,  t he  sediment  was s u b j e c t  t o  com-
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F i g u r e  20 .  S h e l l  f r a gme n t  c r a c k e d  by co mp a ct i on .  Note how 
t h e  f r i n g i n g  cement  does not  ex t end  a round t he  c r a c k e d  edges 
o f  t h e  s h e l l .  A c e t a t e  p e e l ,  p l a n e  l i g h t .  Snowcrest  Range,  
U. M. P .  # 7 0 5 0 . B a r = . 2  mm.
p r e s s i v e  s t r e s s e s  whi ch  caused t he  f r a gment  t o  b r e a k .  L a t e r  
t h e  f r a c t u r e  was h e a l e d  by c o a r s e ,  b l o c k y  s p a r .  The e v i ­
dence f o r  t h i s  is t h a t  t h e  f r e s h  edges o f  t h e  b r ea k  do not  
have any r a d i a l  f i b r o u s  cement  on them.  Th i s  same sequence  
o f  d i a g e n e t i c  e v e n t s  is a l s o  shown in f i g u r e  17 and i t  can 
be seen in o t h e r  examples not  i l l u s t r a t e d .  The e v i d e n c e  
thus i n d i c a t e s  t h a t ,  most o f  t he  t i m e ,  r a d i a l  f i b r o u s  c e ­
ment  o c c u r r e d  e a r l y  in t h e  d i a g e n e t i c  h i s t o r y  o f  t h e s e  
r ock s ,  b e f o r e  comp a ct i on  and b e f o r e  c e m e n t a t i o n  by b l o c k y ,  
equant  s p a r .
Rim cement  on c r i n o i d  p a r t i c l e s  is cement  d e p o s i t e d  
on t h e  c r i n o i d  p a r t i c l e  and in o p t i c a l  c o n t i n u i t y  w i t h  I t  
( f i g .  2 1 ) .  In s p i t e  o f  t he  g r e a t  number o f  c r i n o i d  p a r t i ­
c l e s  p r e s e n t  In t h e  rocks s t u d i e d ,  r im cement  is not  com­
mon. A p p a r e n t l y ,  s i n c e  most o f  t h e  rocks s t u d i e d  a r e  p a c k ­
s t o n e s  o r  wa c k e s t o n e s ,  t he  mud m a t r i x ,  in c o n t a c t  w i t h  t h e
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F i g u r e  21 ,  Rim cement  on echlnoderm g r a i n s .  ^  P l ane  
l i g h t .  The " d u s t y "  g r a i n  in the c e n t e r  o f  the photo is an 
e ch i noder m f r a g m e n t .  The w h i t e  is s p a r r y  c a l c i t e  cement .
B, Same t h i n  s e c t i o n ,  c r os se d  n i c o l s .  Both the  echinoderm  
Fragment  and t he  c a l c i t e  cement  e x t i n g u i s h  s i m u l t a n e o u s l y .  
Thi n  s e c t i o n ,  B e a r t o o t h  Mo unt a i ns .  U . M. P.  #6982 .  Ba r = .5 mm.
c r i n o i d  p a r t i c l e ,  p r e v e n t e d  cement  f rom f o r m i n g .  This  is 
a common phenomenon,  as noted by Luc i a  ( 1 9 6 2 ) ,  Evamy and 
Shearman ( 1 9 6 5 ,  1 9 6 9 ) ,  and B a t h u r s t  ( 1 9 7 5 ) .  Such cement  
occ ur s  i n f r e q u e n t l y ,  in g ra i nstones and in packs t ones  t h a t  
have a mi n i mal  amount o f  mud.
The t i m i n g  o f  the  v a r i o u s  t ypes  o f  cements d e s c r i b e d  
above was h i g h l y  v a r i a b l e .  Ra d i a l  f i b r o u s  cement o c c u r r e d  
r e l a t i v e l y  e a r l y ,  b e f o r e  b l o c k y  s p a r i t e  and b e f o r e  sed­
iment c o mp a c t i o n .  Blocky s p a r i t e  cements o c c u r r e d  somewhat  
l a t e r ,  a f t e r  c o mp a c t i o n .  S pa r r y  c a l c i t e  t h a t  cemented  
b r e c c i a t e d  c l a s t s  in s o l u t i o n  b r e c c i a s  o r  k a r s t  b r e c c i a s  
c o u l d  have o c c u r r e d  any t i me  f rom t h e  Meramec t o  t h e  e a r l y  
T e r t i a r y ,  and t h e r e  is some s p a r r y  c a l c i t e  t h a t  has cemented  
f r a c t u r e s  a l o n g  s t r u c t u r a l  c l e a v a g e  p l a n e s  in d o l o m i t e  t h a t  
is i n t e r p r e t e d  t o  be r e l a t i v e l y  r e c e n t .
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In many c a r b o n a t e s ,  t h e r e  is o f t e n  more than one gen­
e r a t i o n  o f  c e m e n t . U s u a l l y ,  t h e  t r a c e  g e o c h e m i s t r y  o f  the  
v a r i o u s  g e n e r a t i o n s  is d i f f e r e n t ,  and t h e r e  a r e  v a r i o u s  
p é t r o g r a p h i e  t e c h n i q u e s  u s e f u l  in d i f f e r e n t i a t i n g  between  
g e n e r a t i o n s ,  such as c a t h o d o l u mi n e s c e n c e  and chemi ca l  s t a i n ­
ing t e c h n i q u e s .  In t he  rocks s t u d i e d ,  however ,  c a t h o d o l u m i ­
nescence e x a m i n a t i o n  o f  t h i n - s e c t i o n s  and s t a i n i n g  t e c hn i qu e s  
t h a t  mi ght  i n d i c a t e  m u l t i p l e  g e n e r a t i o n s  o f  cement ( D i ck son ,  
1 9 6 5 , 1 9 6 6 ) ,  show o n l y  one g e n e r a t i o n .
The pr ocesses  and p r o du c t s  o f  c e m e n t a t i o n  in t he  rocks  
under  s t u d y  were examined as a f u n c t i o n  o f  d i a g e n e s i s  in 
f i v e  m a j o r  e n v i r on me n t s  ( f i g .  2 2 ) .  The m a j o r i t y  o f  s p a r r y
—  Water Table —
Fresh Water
Marine
F i g u r e  22 .  M a j o r  n e a r s u r f a c e  d i a g e n e t i c  e n v i r o n m e n t s ,
1. M e t e o r i c  vadose .  2 .  M e t e o r i c  p h r e a t i c .  3 .  Ma r i n e  vadose.  
4,  M a r i n e  p h r e a t i c .  5 .  M i x i n g  zone ( ma r i n e  p h r e a t i c  and 
m e t e o r i c  p h r e a t i c ) .  M o d i f i e d  f rom Longman ( 1 9 8 0 ) .
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cement  t e x t u r e s  i d e n t i f i e d  i n d i c a t e  c e m e n t a t i o n  in the  
m e t e o r i c  p h r e a t i c  z o n e . Ev idence o f  f r e s h - w a t e r  d i a g e n e s i s  
i n c l u d e s :  ( 1 )  r im cement  on c r i n o i d s ,  ( 2 )  neomorphism of  
f o s s i l  f r a g m e n t s ,  and ( 3 )  equant  c a l c i t e  t h a t  coar sens  
t o wa r d  por e  c e n t e r s .
Rim cement  on c r i n o i d s  forms v e r y  r a r e l y ,  i f  e v e r ,  in 
t h e  m a r i n e  p h r e a t i c  en v i r o n me nt  (Longman, 1 9 80 ) .  In t he  
rocks examined f o r  t h i s  s t u d y ,  r im cement c o m p l e t e l y  o r  
a l mos t  c o m p l e t e l y  sur r ounds c r i n o i d  g r a i n s  w h e r e v e r  i t  
occu r s .
P i t t m a n  ( 1 9 7 ^ )  d e s c r i b e d  how por e  w a t e r  may be u n d e r ­
s a t u r a t e d  w i t h  r e s p e c t  t o  a r a g o n i t e  w h i l e  a t  t he  same t i me  
s a t u r a t e d  w i t h  r e s p e c t  t o  c a l c i t e .  Thi s  c h e m i s t r y  would  
r e s u l t  in a r a g o n i t e  g r a i n s  be i ng  d i s s o l v e d ,  and then e i t h e r  
be i ng  r e p l a c e d  o r  cemented by c a l c i t e .  Th i s  occurs  f r e ­
q u e n t l y  in t h e  f r e s h - w a t e r  p h r e a t i c  env i r onme nt  ( B a t h u r s t ,  
1975;  Longman, 1 9 8 0 ) ,  and,  as d e s c r i b e d  p r e v i o u s l y  in t h i s  
p a p e r  ( see  f i g .  10 ) ,  is a common o c c u r r e n c e  in t h e  rocks  
s t ud  i e d .
Equant  c a l c i t e  cement  t h a t  co ar sens  t oward por e  c e n t e r s  
is a n o t h e r  common f e a t u r e  o f  f r e s h - w a t e r  p h r e a t i c  d i a g e n e s i s  
(Longman,  1 9 8 0 ) .  F o l k  and Land ( 1 9 7 5 )  d e s c r i b e d  how Mg^^ 
ions p r e s e n t  in sea w a t e r  po i so n  t h e  s i d e wa r d  growth o f  t he  
c a l c i t e  c r y s t a l  and f o r c e  i t  t o  grow most r a p i d l y  a l ong  i t s  
C - a x i s ,  and t h a t  o n l y  under  p a r t i c u l a r  c i r c u m s t a n c e s  w i l l  
m a r i n e  p h r e a t i c  c a l c i t e  t a k e  on an e q u a n t ,  b l o c k y  shape.
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The r e  is no u n e q u i v o c a l  e v i d e n c e  o f  vadose d i a g e n e s i s  
in t h e  rocks s t u d i e d .  Meniscus cement  (Dunham, 1971 ) ,  as 
w e l l  as 9 r a V i t a t i o n a 1 o r  pendant  cement ( M u l l e r ,  19 71 ) ,  a r e  
both d i a g n o s t i c  o f  d i a g e n e s i s  in t he  vadose e n v i r o n m e n t .  
T h e i r  o r i g i n a l  o u t l i n e  may be p r e s e r v e d  even a f t e r  compl e t e  
c e m e n t a t i o n  ( S c h o l l e ,  1 9 78 ) .  N e i t h e r  o f  t he s e  t ypes  of  
cement  were  obser ved  in t he  rocks under  s t udy ,  even though  
a v e r y  t hor ough  s e ar ch  was made f o r  them.  Land ( 1 9 7 0 ) ,  
however ,  r e p o r t e d  t h a t  in a t i g h t l y  cemented rock,  the  
o r i g i n a l  o u t l i n e  o f  meniscus cement (and presumabl y  g r a v ­
i t a t i o n a l  cement )  may be d e s t r o y e d .
The i mpor t ance  o f  submar i ne  c e m e n t a t i o n  has r e c e n t l y  
become r e c o g n i z e d  ( S h i n n ,  1969;  Mi 1 1 iman, 1971;  P i n g i t o r e ,  
1971,  1 9 7 6 ; S c hr oe de r ,  1 9 7 3 ) .  Ev idence f o r  c e m e n t a t i o n  in 
t h e  ma r i n e  p h r e a t i c  zone i nc l u d e s  f i b r o u s  cement (Longman,  
1 9 8 0 ) ,  p o l y g o n a l  b ou nd a r i e s  formed by t he  i n t e r s e c t i o n  o f  
such cement  ( S h i n n ,  1 9 75 ) ,  m i c r o d o l o m i t e  i n c l u s i o n s  in neo­
morphosed r a d i a l  f i b r o u s  c a l c i t e  (Lohmann and Meyers,  1977) ,  
b o r i n g s  in cement  o r  e n c r u s t i n g  o r gan i s ms ,  and p s e u d o p e l l e t  
c l u s t e r s  o f  m î c r i t i c  M g - c a l c i t e  (Land and Goreau,  1 9 70 ) .
The rocks under  s t u d y  e x h i b i t e d  no e v i d e n c e  o f  ma r i n e  
p h r e a t i c  c e m e n t a t i o n .
Because o f  t h e  p r e s e n t  poor  u n d e r s t a n d i n g  o f  d i a g e n e s i s  
in t h e  m i x i n g  zone o f  m a r i n e  and m e t e o r i c  w a t e r ,  i t  was not  
e v a 1u a t e d .
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Do 1om i t  i z a t  î on
The d i s t r i b u t i o n  and p h y s i c a l  d e s c r i p t i o n  o f  d o l o m i t e  
in t h e  M i s s i o n  Canyon F or ma t i on  was d i s c u s s e d  in t h e  s e c t i o n  
on 1 i t  h o i o g y ( p . 2 1 ) .
Much o f  t h e  d o l o m i t e  in t h e  s t udy  a r e a  is b e l i e v e d  t o  
be o f  a p e n e c on t empo r a ne ous , or  e a r l y  d i a g e n e t i c ,  o r i g i n .
The p a t t e r n s  o f  do 1o m i t i z a t i o n  and o f  t h e  e v o l u t i o n  o f  
p o r o s i t y  c l e a r l y  show t h a t ,  i n i t i a l l y ,  d o l o m i t e  p r e f e r e n ­
t i a l l y  r e p l a c e s  c a r b o n a t e  mud r a t h e r  than s k e l e t a l  p a r t i c l e s .  
L a t e r  on in d i a g e n e s i s ,  dependi ng on the  o r i g i n a l  p o r o s i t y  
o f  t h e  mud and w h e t h e r  t h e  c a r b o n a t e  a v a i l a b l e  f o r  do 1o-  
m i t i z a t i o n  was d e r i v e d  l o c a l l y  o r  n o t ,  t he  s k e l e t a l  p a r t i c l e s  
w i l l  e i t h e r  d i s s o l v e  o r  be r e p l a c e d  p s e ud omo r ph i c a 11 y (see  
d i s c u s s i o n  in nex t  s e c t i o n ) .  I f  t h e  l i m e s t o n e  had been 
cemented b e f o r e  do 1o m i t i z a t i o n  began,  t h i s  p a t t e r n  would  
not  r e s u l t .  In t hos e  rocks t h a t  a r e  now 100% d o l o m i t e  w i t h  
no h i n t  o f  t h e i r  o r i g i n a l  c o m p o s i t i o n ,  t h i s  e v i d e n c e  does 
not  a p p l y .
A d d i t i o n a l l y ,  much o f  t h e  d o l o m i t e  in t h e  rocks under  
s t u d y  is t hought  t o  have formed in t h e  s u p r a t i d a l  e n v i r o n ­
ment ,  p r o b a b l y  f rom w a t e r  r i c h  in Mg'*”*" r e s u l t i n g  f rom t he  
p r e c i p i t a t i o n  o f  gypsum, based on t he  f o l l o w i n g  e v i d e n c e  
( a l s o  see T e x t o r i s ,  1969,  and Zenge r ,  1 9 7 2 ) :
A.  T he r e  is a s t r i k i n g  c o r r e l a t i o n  o f  d o l o m i t e  w i t h  
e v a p o r i t e - so 1u t i o n  b r e c c i a s  ( f i g .  2 8 ) .  A l t hough  n e i t h e r  
t h i n - s e c t i o n  a n a l y s i s  nor  X - r a y  d i f f r a c t i o n  o f  b r e c c i a t e d
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rocks show any s u g g e s t i o n  o f  e v a p o r i t e  m i n e r a l s ,  t h e s e  
b r e c c i a s  a r e  l i k e l y  t h e  e q u i v a l e n t  o f  e v a p o r i t e  beds in the  
a d j a c e n t  s u b s u r f a c e .  Th i s  has been shown in v a r i o u s  o t h e r  
a r e a s  t h r o u g h o u t  Montana (see p.  10 ) .  The C e n t e n n i a l  Range 
s e c t i o n  is b r e c c i a t e d  t h r o u g h o u t ,  and t h i s  s e c t i o n  is a l most  
e n t i r e l y  d o l o m i t e .  In t h e  Snowcrest  Range s e c t i o n ,  t h e r e  
a r e  e v a p o r i t e - s o l u t i o n  b r e c c i a s  in t he  m i d d l e  o f  t he  s e c t i o n ,  
and d o l o m i t e  is c o n f i n e d  t o  t h e  m i d d l e  o f  t he  s e c t i o n .  In 
t h e  B e a r t o o t h  Mount a i ns  s e c t i o n  t h e r e  a r e  two e v a p o r i t e -  
s o l u t i o n  b r e c c i a s ,  one a t  t h e  top and one a t  t he  bot tom o f  
t he  s e c t i o n ,  and h e r e ,  d o l o m i t e  is found o n l y  a t  t h e  top  
and bot tom o f  t h e  s e c t i o n .  In t h e  Camp Creek s e c t i o n ,  
t h e r e  a r e  no e v a p o r i t e - so 1u t i o n  b r e c c i a s  and t h e r e  is no 
do 1om i t e .
B. S e c t i o n s  c l o s e s t  t o  t h e  p o s t u l a t e d  a n c i e n t  s h o r e l i n e  
c o n t a i n  t h e  most d o l o m i t e  ( f i g .  1 ) .  The C e n t e n n i a l  Range 
s e c t i o n ,  whi ch  is c l o s e s t  t o  s ho r e ,  is 96% d o l o m i t e .  The 
Camp Creek s e c t i o n ,  whi ch  is f a r t h e s t  f rom shor e ,  is 100% 
l i m e s t o n e .  The o t h e r  two s e c t i o n s ,  a t  i n t e r m e d i a t e  d i s ­
t a n c e s  f rom s h o r e ,  c o n t a i n  f rom 30 t o  50% d o l o m i t e .
C, D o l o m i t e  is f r e q u e n t l y  a s s o c i a t e d  w i t h  s e d i m e n t a r y  
f e a t u r e s  i n d i c a t i v e  o f  t i d a l - f l a t  d e p o s i t i o n .  These  
f e a t u r e s  i n c l u d e  a l g a l  l a m i n a t i o n s ,  s e t t l e - o u t  t i d a l  lam­
i n a t i o n s ,  mud c r a c k s ,  b i r d s e y e  s t r u c t u r e s ,  and p o s s i b l e  
t e e p e e  s t r u c t u r e s .  In a d d i t i o n ,  in t h e  C e n t e n n i a l  Range 
s e c t i o n ,  t h e  Lodgepol e  Format  ion f o r  a t  l e a s t  8 . 5  m below
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t h e  M i s s i o n  Canyon Fo r ma t i o n  is a l s o  i n d i c a t i v e  o f  i n t e r ­
t i d a l  o r  s u p r a t i d a l  d e p o s i t i o n .
O t h e r  d o l o m i t e ,  p a r t i c u l a r l y  in t he  s e c t i o n s  in t he  
B e a r t o o t h  Mount a i ns  and in t h e  Snowcrest  Range,  may have  
been d o l o m i t i z e d  by t h e  bas i nwar d  m i g r a t i o n  o f  d o l o m i t i z i n g  
f l u i d s  f rom t h e  s h a l l o w e r  s h e l f  a r e a s ,  and may be d i a g e n e t i c  
o r  ep i g e n e t  i c .
X - r a y  d i f f r a c t i o n  p a t t e r n s  o f  t h e  d o l o m i t i c  rocks o f  
t h i s  s t u dy  show t h a t  most o f  t h e  d o l o m i t e  is s l i g h t l y  non-  
s t o i c h i o m e t r i c .  I t  ranges in c o m p o s i t i o n  f rom about  4 9 . 5  
t o  53 mole p e r c e n t  CaCO^. Th i s  is w e l l  w i t h i n  t h e  range o f  
most  o t h e r  a n c i e n t  d o l o m i t i c  rocks r e p o r t e d  in t he  
l i t e r a t u r e  (Lumsden and Chimahusky,  1 9 80 ) .
DOLOMITIZATION AND THE ORIGIN OF POROSITY 
P o r o s i t y  in t h e  M i s s i o n  Canyon For mat i on  o f  s o u t h ­
w e s t e r n  Montana is a l most  i n v a r i a b l y  a s s o c i a t e d  w i t h  
d o l o m i t i c  r o c k s .  A d i r e c t  r e l a t i o n s h i p  e x i s t s  between the  
de g r e e  o f  p o r o s i t y  in a rock and the  amount o f  d o l o m i t e  
( f i g .  2 3 ) .  Because o f  t h i s  r e l a t i o n s h i p ,  t h e  do 1omÎ t i z a t i o n  
pr o c e s s  is proposed t o  be t h e  agent- r e s p o n s i b l e  f o r  t he  
deve l opment  o f  p o r o s i t y .
Because d o l o m i t e  has a m o l a r  volume 12 t o  13% g r e a t e r  
than  c a l c i t e ,  excess c a r b o n a t e  is r e q u i r e d  f o r  t he  c o n v e r s i o n  
o f  c a l c i t e  t o  d o l o m i t e .  D o l o m i t i c  rocks o f  t h i s  s t udy  were  
examined w i t h  r e s p e c t  t o  two d i f f e r e n t  sources f o r  t h e  excess  
c a r b o n a t e :  d i s t a n t  s o u r c e ,  and l o c a l  s our c e .  In d i s t a n t  
sour ce  do 1o m i t i z a t i o n , c a r b o n a t e  ions come i n t o  t he  sediment  
a l o n g  w i t h  magnesium.  In l oc a l  source  do 1o m 1 1 i z a t i o n , mag-
P e r c e n t  
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nesium îs i n t r o d u c e d  f rom o u t s i d e ,  but  c a r b o n a t e  is d e r i v e d  
f rom v e r y  n e a r  t h e  s i t e  o f  do 1o m i t i z a t i o n  ( Mur r a y ,  I 96 0 ;  
Wey] ,  i 9 6 0 ) .  S e v e r a l  o b s e r v a t i o n s  o f  t he  rocks under  study  
have b e a r i n g  on t h e  d i s c u s s i o n ;
A. P a r t i a l l y  d o l o m i t i z e d  l i me s t on e s  e x i s t  t h a t  were p r o b ­
a b l y  o r i g i n a l l y  c r i n o i d a l  pac ks t on es  o r  wac k e s t one s .  They 
have t h e i r  i n t e r c r i n o i d  a r e a  p r e f e r e n t i a l l y  d o l o m i t i z e d  
w h i l e  t he  c r i n o i d s  a r e  u n a l t e r e d .  The i n t e r c r i n o i d  a r ea  
is presumed t o  have been c a r b o n a t e  mud ( f i g .  24A) .
B. D o l o m i t e s  e x i s t  as in A above,  exce pt  t h a t  t he  c r i n o i d s
a r e  c o m p l e t e l y  d i s s o l v e d  away and can be i d e n t i f i e d  as such 
o n l y  by t h e  shape o f  t h e  mold ( f i g .  8 ) .
C. D o l o m i t e s  e x i s t  as in A above,  exce pt  t h a t  t he  c r i n o i d s  
have been d i s s o l v e d ,  t h e  mold f i l l e d - i n  by s p a r r y  c a l c i t e  
cement ,  and l a t e r  r e p l a c e d  by s e v e r a l  c r y s t a l s  o f  d o l o m i t e  
t h a t  a r e  l a r g e r  t han  t he  c r y s t a l s  t h a t  make up t he  m a t r i x .  
These a r e  i d e n t i f i e d  as c r i n o i d s  on t he  b as i s  o f  the gross  
shape o f  t h e  l a r g e r  d o l o m i t e  c r y s t a l s  ( f i g .  2 4 8 ) .
D. Do l o m i t e s  e x i s t  as in A above,  except  t h a t  t he  c r i n o i d s
have been c o m p l e t e l y  r e p l a c e d  by a s i n g l e  d o l o m i t e  c r y s t a l
t h a t  is p r es u mab l y  in o p t i c a l  c o n t i n u i t y  w i t h  t he  o r i g i n a l  
c r i n o i d  p a r t i c l e  ( f i g .  2 4 C ) .
The o b s e r v a t i o n  t h a t  t h e  c r i n o i d s  r e s i s t e d  d o l o m i t i z a -  
t i o n  u n t i l  a l l  t h e  mud had been d o l o m i t i z e d  is a common one 
( L u c i a ,  1962;  Mur ray  and L u c i a ,  1 9 6 7 ) .  Th i s  is p r o b a b l y  a 




F i g u r e  24 .  C r i n o i d  g r a i n s  In d o l o m i t i c  r ocks .  U n a l t e r e d
c r i n o i d s  in a m a t r i x  o f  me d I u m- g r a i n e d  d o l o m i t e .  O r i g i n a l  
rock  was p r o b a b l y  a c r i n o i d a l  packs t o n e . Only t he  mud m a t r i x  
has been d o l o m i t i z e d ,  I n c l u d i n g  t h a t  mud In t he  a x i a l  c a n a l s .  
Thi n  s e c t i o n ,  p l a n e  l i g h t .  Snowcrest  Range,  U. M. P.  #7 04 4 .
B. Local  c o a r s e n i n g  o f  d o l o m i t e  c r y s t a l s  where t h ey  r e p l a c e  
a cemented c r i n o i d  mold.  Do l o mi t e  u s u a l l y  w i l l  not  a c t  as 
cement  t o  f i l l  v o i d  space .  I f  the  d o l o m i t e  r e p l a c e d  a c r i ­
no i d  i t  would do so as a s i n g l e  c r y s t a l .  The presence  of  
s p a r r y  cement  ( w h i t e )  In t h i s  s t r u c t u r e ,  t hen ,  must be the  
remains o f  a c e m e n t - f  I 11ed c r i n o i d  mold,  and the  d o l o m i t e  
was a b l e  t o  grow l a r g e r  here  because o f  the  l a r g e r  s i z e  o f  
t h e  s p a r r y  cement ,  compared t o  t he  m i c r i t e .  Thin  s e c t i o n ,  
c r o s s e d  n i c o l s .  Snowcrest  Range,  U. M. P.  # 7 0 4 5 .  C. Com­
p l e t e l y  d o l o m i t i z e d  c r i n o i d  p a r t i c l e  In a m a t r i x  oT medium-  
c r y s t a l l i n e  d o l o m i t e .  The c r i n o i d  g r a i n  here  has been r e ­
p l a c e d  by a s i n g l e  c r y s t a l  o f  d o l o m i t e .  Dark pa t ches  a r e  
p or e  space .  Th i n  s e c t i o n ,  c r os s e d  n i c o l s .  Snowcrest  Range,  
U . M. P ,  # 7 0 4 0 .  B a r = . 8  mm in a l l  p ho t os .
r a t h e r  than  a p r ocess  r e l a t e d  t o  g r a i n  s i z e ,  i . e . ,  t he  mud 
was d o l o m i t i z e d  p r e f e r e n t i a l l y  because I t  was more porous  
and thus more l i k e l y  t o  be exposed t o  d o l o m i t i z i n g  f l u i d s  
than t h e  l ess porous c r i n o i d  p a r t i c l e s .
P o r o s i t y  in d o l o m i t i c  rocks c o u l d  have e x i s t e d  p r i o r  
t o  do 1o m 1 1 I z a t i o n , o r  i t  c o u l d  have been formed d u r i n g  or  
a f t e r  do 1om 1 1 I z a t I o n . D i s t a n t  source  do 1o m 1 1 I z a t i o n
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d e s t r o y s  p o r o s i t y  ( Mur r a y ,  I 9 6 0 ) .  Molds and o t h e r  pore  
space t h a t  e x i s t e d  p r i o r  t o  do 1o m 1 1 I z a t i o n  would p r o b a b l y  
be o c c l u d e d .  D i s s o l u t i o n  o f  c r i n o i d s ,  t h e n ,  must have 
o c c u r r e d  a f t e r  do 1o m i t i z a t i o n . Wi t h  few o r  no e x c e p t i o n s ,  
c r i n o i d  molds a r e  o n l y  found in d o l o m i t i c  rocks.  I t  is un­
l i k e l y  t h a t  d i s s o l v i n g  m e t e o r i c  w a t e r  would s e l e c t i v e l y  
l each out  o n l y  t hos e  c r i n o i d s  which e x i s t  in d o l o m i t e  and 
not  in l i m e s t o n e ,  e s p e c i a l l y  s i n c e  d i s t a n t  source do 1- 
o m i t i z a t i o n  r e s u l t s  in a r e l a t i v e l y  " t i g h t "  d o l o m i t e *
There  a r e  c e r t a i n l y  examples of  c r i n o i d  molds t h a t  have 
been e n l a r g e d  by s o l u t i o n  a f t e r  do 1o m 1 1 i z a t i o n , but  t he  
o r i g i n a l  f o r m a t i o n  o f  t h e s e  molds is p r o b a b l y  d i r e c t l y  r e ­
l a t e d  t o  t h e  do 1o m i t i z a t i o n  p r o c e s s .
The d o l o m i t e  thus p r o b a b l y  o r i g i n a t e d  f rom a l oc a l  
sour ce  o f  c a r b o n a t e ,  and t he  d o l o m i t i z i n g  sequence f o l l o w s  
t h a t  o f  Mur r ay  ( I 9 6 0 )  and Luc i a  ( 1 9 6 2 ) :  A s o l u t i o n  w i t h  a
h i gh  Mg/Ca r a t i o ,  l i k e l y  r e l a t e d  t o  t he  p r e c i p i t a t i o n  of  
gypsum o r  a n h y d r i t e ,  permeat es  downward through u n l i t h i f i e d  
c a r b o n a t e  s e d i m e n t s .  T h i s  s o l u t i o n  p r e f e r e n t i a l l y  p e r c o ­
l a t e s  t h r oug h  t h e  f i n e - g r a i n e d  m i c r i t i c  c a r b o n a t e s  because  
o f  t h e i r  h i g h  p e r m e a b i 1 i t y , and d o l o m i t e  r e p l a c e s  c a l c i t e .  
Si nce  d o l o m i t e  has a g r e a t e r  m o l a r  volume t han  c a l c i t e ,  addi  
t i o n a l  c a r b o n a t e  must  be s u p p l i e d  t o  t h e  growing d o l o m i t e  
f rom a p h y s i c o c h e m i c a l  e n v i r onme nt  o u t s i d e  t h e  a r e a  o f  the  
rhomb. In a d d i t i o n ,  more c a r b o n a t e  must  be s u p p l i e d  t o  
f i l  1-up t h e  v o i d  spaces o f  t he  o r i g i n a l  c a r b o n a t e  mud. I t
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seems most  l i k e l y  t h a t  c a r b o n a t e  mud would be t he  source f o r  
t h e  r e q u i r e d  c a r b o n a t e ,  s i n c e  c r i n o i d  g r a i n s  a r e  l a r g e  s i n g l e  
c r y s t a l s  o f  c a l c i t e ,  and thus a r e  more r e s i s t a n t  t o  a l t e r ­
a t i o n .  Thi s  d i s s o l v e d  c a r b o n a t e  mud between t he  d o l o m i t e  
rhombs r e s u l t s  in new pore  space,  p r o duc i ng  i n t e r c r y s t a l l i n e  
p o r o s i t y .  E v e n t u a l l y ,  as t h e  s u r r o u n d i n g  mud is u t i l i z e d  
and do 1o m i t i z a t i o n  p r oc e e ds ,  t he  c r i n o i d  g r a i n s  e i t h e r  be­
come d i s s o l v e d  o r  r e p l a c e d  by d o l o m i t e .  Which process  
occur s  depends on t he  o r i g i n a l  p o r o s i t y  of  t he  mud. I f  the  
mud is h i g h l y  por ous ,  more c a r b o n a t e  must be s u p p l i e d ,  and 
t he  c r i n o i d  g r a i n s  w i l l  be d i s s o l v e d  ( f i g .  8 ) .  I f  the  mud 
is l ess por ous ,  c r i n o i d  g r a i n s  can remain whole ( f i g .  24A)  
o r ,  w i t h  c o n t i n u e d  d o l o m i t i z a t i o n , become r e p l a c e d  by a 
s i n g l e  c r y s t a l  o f  d o l o m i t e  ( f i g .  2 4 C) .  Note t h a t  in the  
l o c a l  source  do 1o m i t i z a t i o n  scheme,  p o r o s i t y  o f  t he  o r i g i n a l  
l i m e s t on e  is enhanced.  The r e s u l t i n g  rock w i l l  have a p o r ­
o s i t y  equal  t o  t h a t  o f  t h e  o r i g i n a l  l i me s t on e  p lus  12 t o  13%, 
assuming no c o mp a c t i o n .  Thi s  a l s o  e x p l a i n s  why u n a l t e r e d  
c r i n o i d s ,  d i s s o l v e d  c r i n o i d s ,  and r e p l a c e d  c r i n o i d s  can 
e x i s t  s i m u l t a n e o u s l y  in one rock .
Most o f  t he  r e p l a c e d  c r i n o i d s  a r e  r e p l a c e d  by a s i n g l e  
c r y s t a l  o f  d o l o m i t e ,  but  some a r e  r e p l a c e d  by s e v e r a l  c r y s ­
t a l s  o f  d o l o m i t e  w i t h  d i f f e r e n t  o p t i c a l  o r i e n t a t i o n s  ( f i g .  
2 4 b ) .  Th i s  is not  the  same as t h e  process  o f  impingement  
d i s c u s s e d  by Luc i a  ( 1 9 6 2 ) .  R a t h e r ,  t h e s e  c r y s t a l s  appea r  
t o  have n u c l e a t e d  w i t h i n  t he  s o l i d  a r e a  o f  t he  c r i n o i d
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g r a i n .  Th i s  can o n l y  be e x p l a i n e d  i f  t he  a r e a  o f  the  
c r i n o l d  g r a I n  was c a l c l t e  cement w i t h  v a r y i n g  o p t i c a l  o r i e n ­
t a t i o n s ,  I . e . ,  t he  c r i n o l d  had been d i s s o l v e d  and t he  mold 
cemented by c a l c l t e .  The d o l o m i t e  then pseudomorphlea 11 y 
r e p l a c e d  each I n d i v i d u a l  c a l c l t e  c r y s t a l  w i t h i n  t he  f o r me r  
mold.  Because o f  t he  mechanics o f  l oc a l  source  d o l o m l t l z a -  
t I o n , t h i s  must have happened a f t e r  do lorn 1 1 I z a t I o n  o f  the  
mud.
I f  t he  d o l o m i t e  is o f  a coa r s e  g r a I n  s i z e  (500 t o  1000 
m i c r o n s ) ,  then t h e  a b i l i t y  t o  d i s t i n g u i s h  between f o r me r  
mud and g r a i n s  w i l l  p r o b a b l y  be l o s t ,  and t he  rocks w i l l  
a p p e a r  s i m p l y  as a c o a r s e - g r a i n e d  mosaic o f  d o l o m i t e .
L i t t l e  can be s a i d  about  t h e  p r e c u r s o r  l i m e s t o n e .  On the  
o t h e r  hand,  v e r y  f i n e - g r a i n e d  d o l o m i t e s  ( l e s s  than 10 
m i c r o n s )  a l s o  e x i s t ;  some w i t h  no v i s i b l e  s t r u c t u r e s ,  and 
some w i t h  e x c e l l e n t l y  p r e s e r v e d  s t r u c t u r e s  and f i n e - g r a i n e d  
f o s s i l  f r a g me n t s  ( f i g .  2 5 ) .  Because t h e s e  t e x t u r e s  a r e  so 
w e l l - p r e s e r v e d ,  I t  Is hard t o  e n v i s i o n  s i m i l a r  f i n e - g r a i n e d  
d o l o m i t e  d e s t r o y i n g  o t h e r  t e x t u r e s  under  s i m i l a r  c I rcum-  
s t a n c e s . I t  Is t h e r e f o r e  proposed t h a t  v e r y  f i n e - g r a i n e d  
d o l o m i t e s  w i t h o u t  any v i s i b l e  s t r u c t u r e s  o r  t e x t u r e s  a r e  
t h a t  way because t h e r e  were no s t r u c t u r e s  o r  t e x t u r e s  to  
p r e s e r v e ,  i . e . ,  t h e y  were o r i g i n a l l y  f i n e - g r a i n e d  f e a t u r e ­
l ess  mudst ones .
DEPOSITlONAL MODEL 
The s h a l l o w i n g - u p w a r d  model
A g e o l o g i c  f a c i e s  model  is a g e n e r a l  summary o f  a 
s p e c i f i c  s e d i m e n t a r y  e n v i r o n m e n t ,  ex pr es se d  as a b l o c k  
d i a g r a m ,  an i d e a l i z e d  sequence o f  f a c i e s ,  o r  as an e q u a t i o n  
o r  g r a p h .  A we 11 - d e v e 1 oped model  can be used as a f r a m e ­
work  f o r  f u t u r e  o b s e r v a t i o n s ,  as a b a s i s  o f  compar ison w i t h  
o t h e r  s p e c i f i c  exampl es ,  and as a p r e d i c t o r  in new g e o l o g i c  
s i t u a t i o n s  ( W a l k e r ,  1 9 8 4 ) .
The s h a l l o w i n g - u p w a r d  model  f o r  c a r b o n a t e s  has been 
c o n s t r u c t e d  f rom o v e r  50 we 1 1 - documented a n c i e n t  and modern 
examples (James,  1 5 8 4 ) .  U n l i k e  t e r r i g e n o u s  c l a s t i c  sed­
iments ,  c a r b o n a t e  s e d i m e n t s ,  p a r t i c u l a r l y  t hose  d e p o s i t e d  
in s h a l l o w  w a t e r ,  a r e  produced d i r e c t l y  in t h e i r  env i r onment  
o f  d e p o s i t i o n .  A h e a l t h y  r e e f  o r  c a r b o n a t e  p l a t f o r m  can 
grow v e r t i c a l l y  a t  a v e r a g e  r a t e s  o f  up t o  10 mm pe r  year  
(Adey,  1 9 7 8 ) .  Th i s  exceeds t h e  a v e r a g e  r a t e  o f  subs i dence  
o f  t h e  s h e l f  o r  p l a t f o r m ,  wh i ch  is u s u a l l y  between .01 and 
.1 mm p e r  y e a r  (Schwab,  1 9 7 6 ) .  The sed iments  thus accumu­
l a t e  in p r o g r e s s i v e l y  s h a l l o w e r  w a t e r  u n t i l  t h e y  reach sea 
l e v e l .  Th i s  sequence is c a l l e d  a s h a 1 l o w i n g - u p w a r d , or  
r e g r e s s i v e ,  sequence ( W i l s o n ,  1 9 7 5 ) .  As subs i dence  con­
t i n u e s  and w a t e r  advances o v e r  t h e  p r e v i o u s l y  d e p o s i t e d  
s e d i m e n t s ,  new c a r b o n a t e  sed i ment s  w i l l  b eg i n  t o  ac cumul a t e  
as b e f o r e .  T h i s  sequence is o f t e n  r e p e a t e d  many t i m e s ,  
r e s u l t i n g  in c y c l i c  p a t t e r n s  o f  s e d i m e n t a t i o n .  These c y c l e s
66
6 7
a r e  u s u a l l y  a s y mme t r î c  in t h a t  t he  p r o x i ma l  f a c i e s  o f  one 
sequence is i m m e d i a t e l y  o v e r l a i n  by t h e  d i s t a l  f a c i e s  o f  
t h e  ne x t  sequence ,  i . e . ,  t h e  t r a n s g r e s s i v e  event  is not  
r e c o r d e d  in t h e  se d i ment s  ( W i l k i n s o n ,  1 9 8 2 ) .  Wi l son  ( 1 9 7 5 )  
has an e x c e l l e n t  d i s c u s s i o n  o f  t he  v a r i a t i o n s  o f  t he  
s h a l l o w  i ng- upwa rd model  f o r  rocks o f  v a r i o u s  ages,  and 
P i t t m a n  ( 1 9 7 8 )  and S c h l a g e r  ( 1 9 8 1 )  r e v i e w causes o f  sea 
1 eve 1 va r i a t  i o n .
C y c l i c  s e d i m e n t a t i o n  sequences a r e  known f rom a v a r i e t y  
o f  rocks o f  d i f f e r e n t  ages and e n v i r o n m e n t s .  Cycles have 
been d e s c r i b e d  f rom t he  M i s s i s s i p p I  an o f  we s t e r n  Canada 
(Thomas and G l a i s t e r ,  I 9 6 0 )  and c e n t r a l  Montana ( Smi t h ,  
1 9 7 2 a ) ,  f rom t h e  S i l u r i a n  o f  New York ( Shuk l a  and Fr i edman,  
1 9 8 3 ) ,  f rom t h e  P e n n s y l v a n i a n  and Permian o f  Kansas (Moore,
1 9 6 4 ) ,  f rom t h e  Permian o f  west  Texas ( M e i s s n e r ,  1 9 72 ) ,  and 
f rom many o t h e r  a r e a s .
Cy c l e s  in t h e  M i s s i o n  Canyon For mat i on
Of t h e  f o u r  s e c t i o n s  examined f o r  t h i s  s t udy ,  the  
Snowc res t  Range s e c t i o n  and t he  B e a r t o o t h  Mounta i ns  s e c t i o n  
e x h i b i t  p o o r l y  t o  m o d e r a t e l y  we 11 - d e v e 1 oped s h a l l o w i n g -  
upward c y c l e s .  The C e n t e n n i a l  Range s e c t i o n  is i n t e r p r e t e d  
t o  have remained in s h a l l o w  w a t e r  t h r o u g h o u t  i t s  d e p o s i t i o n a l  
h i s t o r y ,  and t h e  s e c t i o n  a l o ng  Camp Creek is t hought  t o  
have remained in deep w a t e r  t h r o u g h o u t  i t s  d e p o s i t i o n a l  
h i s t o r y .
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These c y c l e s  were i n t e r p r e t e d  w i t h  r e s p e c t  t o  t he  
e n e r g y  r e q u i r e d  t o  account  f o r  t h e  p h y s i c a l  and b i o l o g i c a l  
c h a r a c t e r i s t i c s  o f  t he  rocks ( T a b l e  1 ) .  L a t e r a l  and 
v e r t i c a l  l i t h o l o g i e  r e l a t i o n s h i p s  were a l s o  c o n s i d e r e d  in 
t h i s  a n a l y s i s ,  in a d d i t i o n  t o  t h e  par a me t e r s  l i s t e d  In 
T a b l e  1.
The s e c t i o n  In t h e  C e n t e n n i a l  Range Is t hought  t o  be 
t h e  s h a l l o w e s t  s e c t i o n  exami ned.  E v a p o r i t e - so 1u t i o n  
b r e c c i a s  a r e  i n t e r p r e t e d  t o  be i n d i c a t i v e  o f  s up r a t  i da 1 
e v a p o r I  t e  d e p o s i t i o n ,  and t h e s e  b r e c c i a s  a r e  abundant  in 
t h i s  s e c t i o n .  They a r e  o f t e n  a s s o c i a t e d  w i t h  b i r d s e y e  
s t r u c t u r e s ,  a l g a l  l a m i n a t i o n s ,  s e t t 1 e - o u t  t i d a l  l a m i n a t i o n s ,  
and o t h e r  i n d i c a t i o n s  o f  i n t e r t  i d a l / s u p r a t  ida l  d e p o s i t i o n  
( f i g .  2 5 ) .  Th i s  e v i d e n c e ,  t o g e t h e r  w i t h  t he  abundant  
s o l u t i o n  b r e c c i a s ,  suggest s  e x t e n s i v e  ex pos ur e .  In a d d i t i o n ,  
t h e  r e g i o n a l  pa 1eogeogr aphy  o f  t h e  Miss i ss i pp i an shows t h i s  
s e c t i o n  t o  be n e a r e s t  t o  shore  (Rose,  1 9 7 6 ) .  Cycles in 
t h i s  s e c t i o n  c o n s i s t  m a i n l y  o f  t i d a l - f l a t  d e p o s i t s  capped  
by e v a p o r  i t e - s o l u t  ion b r e c c i a s .
The s e c t i o n  a l o ng  Camp Creek is i n t e r p r e t e d  t o  be the  
d e e pe s t  w a t e r  s e c t i o n  o f  t h e  f o u r  exami ned.  Accor d i ng  t o  
p r e v i o u s  i n t e r p r e t a t i o n s  (Rose,  1 9 7 6 ) ,  i t  is s i t u a t e d  t he  
f a r t h e s t  f rom l and ,  and i t  c o n t a i n s  no e v i de nc e  o f  s h a l l o w  
w a t e r  d e p o s i t i o n ;  t h e r e  a r e  no e v a p o r i t e - so 1u t i o n  b r e c c i a s ,  
no a l g a l  l a m i n a t i o n s ,  no s e t t l e - o u t  i n t e r t i d a l  l a m i n a t i o n s  
o r  o t h e r  i n t e r t i d a l  f e a t u r e s ,  no g ra i n s t o n e s , b i r d s e y e s .
Sed imentary  
Env i ronment Sedimentary S t ructures Foss 11s Par t  i c le s ize
Suprat  idal
I n t e r t  i d a 1
Sha1 low Subt i d a 1 
Subt ida 1
Sol u t i on  breccias
B i rdseyes
Some mud cracks
Some laminated dolomi te
L i thoc l as ts
Some mudstones
V e r t i c a l  burrows
Fenest ra l  f a b r i c
Algal  l aminat ions
Mudcracks
S e t t l e - o u t  l aminat ions  
Churned or  mot t l ed  mud­
stone or dolomi te  
Bu rrows 
Oo i ds
Current  laminat  ions 
Cross bedding 
Mud-r ich mat r ix
Rare.
Occas i ona1 
f ragments washed 
up by t i d e s .
Very few.
Few.
Abundant.  Cr inoids  
and brachiopods.
L i t h o c l a s t s  to  
1 ime mud.
L i t h o c l a s t s  to  
1 ime mud.
Sand.
Sand or  l a r g e r  
t o  1 ime mud
Table 1. Envi ronmental  i n t e r p r e t a t i o n  of  sedimentary f e a t ur e s  of  rocks 
Mission Canyon Format ion of  southwestern Montana.
in the
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F i g u r e  25 .  W e l l - p r e s e r v e d  t i d a l  f e a t u r e s  in d o l o m i t e s  o f  
t he  C e n t e n n i a l  Range.  ^  F i n e l y - c r y s t a l 1 ine d o l o m i t e  w i t h  
b i r d s e y e  s t r u c t u r e s  and a 1 g a 1 - 1 a mi na t e d  r i p - u p  c l a s t s ,  p r o b ­
a b l y  i n d i c a t i v e  o f  t i d a l - f l a t  s e d i m e n t a t i o n .  A c e t a t e  p e e l ,  
p l a n e  l i g h t .  C e n t e n n i a l  Range,  U . M. P .  # 7 0 2 4 .  F i n e l y -
c r y s t a l l i n e  d o l o m i t e  w i t h  1-2 mm t h i c k  l aminae o f  a 1t e r n a t -  
ing f i n e r  and coa r s e r - g r a  ined d o l o m i t e .  Found i mme d i a t e l y  
below rock in f i g .  25A,  and a l s o  p r o b a b l y  i n d i c a t i v e  o f  
t i d a l - f l a t  s e d i m e n t a t i o n .  Thin  s e c t i o n ,  p l a n e  l i g h t .  
C e n t e n n i a l  Range,  U . M. P .  #7 02 2 .  Bar=10 mm in each phot o .
mudc r a c k s , e t c . Because o f  t h e  dept h  o f  t h e  w a t e r ,  sea-  
l e v e l  f l u c t u a t i o n s  were  not  r e f l e c t e d  in t h e  s e d i me nt s ,  and 
c y c l e s  wer e  not  r e c o r d e d .  The rocks o f  t h i s  s e c t i o n  a r e  
monotonous s u c c e s s i o ns  o f  c r i n o i d a l  p a c k s t o n e s / w a c k e s t o n e s  
whi ch  have been s u b j e c t  t o  a c o n s i d e r a b l e  amount o f  r e -  
c r y s t a  1 1 i z a t i o n . F o l d i n g  has r e s u l t e d  in " s t r e t c h e d "  or  
o t h e r w i s e  deformed c r i no i ds ( f i g .  14 ) ,  and in t h e  r e c r y s ­
t a l l i z a t i o n  o f  much o f  t h e  m a t r i x  t o  m i c r o s p a r  a n d / o r  
ps e udos pa r  ( f i g .  2 6 ) .
The B e a r t o o t h  Mount a i ns  s e c t i o n  and t h e  Snowc r e s t
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F i g u r e  26 .  T e c t o n i c a l l y  deformed c r i n o i d a l  p a c k s t o n e . Note  
t h e  " s t r e t c h e d "  c r i n o i d s ,  t h e  h o r i z o n t a l  o r i e n t a t i o n  o f  the  
p a r t i c l e s ,  and t he  abundance o f  m i c r o s p a r  in the m a t r i x .
Thi n  s e c t i o n ,  p l a n e  l i g h t .  Camp Creek,  U . M. P .  #7055 .
Bar=10 mm. Dark a r e a  in bot tom h a l f  o f  photo is f rom 
A l i z a r i n e  Red-S s t a i n .
Range s e c t i o n  wer e  d e p o s i t e d  in w a t e r  i n t e r m e d i a t e  in depth  
between t h e s e  two e x t r e m e s .  There  is e v i d e n c e  o f  s h a l l o w -  
w a t e r  h i g h - e n e r g y  e n v i r o n m e n t s ,  s h a 11o w- w a t e r  l ow- ener gy  
e n v i r o n m e n t s ,  and d e e p - w a t e r  l ow- e n e r gy  env i r onme nt s  ( p l a t e  
1 ) .  These s e c t i o n s  e x h i b i t  p o o r l y  t o  m o d e r a t e l y  w e l l  
p r e s e r v e d  s h a 11owi ng- upwar d  c y c l e s ,  p a r t i c u l a r l y  t h e  s e c t i o n  
in t h e  B e a r t o o t h  Mo u n t a i n s .  The c y c l e s  in t he s e  two se c ­
t i o n s  a r e  s i m i l a r  t o  t h e  " g r a i n s t o n e - t y p e "  c y c l e  d e s c r i b e d  
by W i 1 son ( 1 9 7 5 ) .
An i d e a l i z e d  c y c l e ,  t y p i c a l  o f  those  found in the
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PLATE 1. CARBONATE ROCKS FROM THE BEARTOOTH MOUNTAINS AND 
THE SNOWCREST RANGE SECTIONS.
A. P a i n t  a 1g a 1 - l a m I n a t i o n s  in a b r e c c î a t e d  b r a c h î o p o d  
b î o s p a r î t e .  A c e t a t e  p e e l ,  p l a n e  l i g h t .  Snowc r e s t  Range,  
U. M. P .  # 7 0 3 1 .  Bar=10 mm.
B. Br achi opod c r i n o i d a l  b i o m i c r i t e .  Dark  p a t c h  in t h e  
upper  l e f t  is a bur row t h a t  c o n t a i n s  c a l c l t e  a f t e r  d o l o m i t e .  
Rock is somewhat h o r i z o n t a l l y - l a m i n a t e d ,  p r o b a b l y  ca use d
by c u r r e n t s  t h a t  had enough e n e r g y  t o  o r i e n t  t h e  p a r t i c l e s ,  
but  not  enough t o  remove t h e  mud. Th i n  s e c t i o n ,  p l a n e  
l i g h t .  Snowc r e s t  Range,  U . M. P .  # 7 0 3 5 .  Ba r = 10 mm.
C. Br achi opod s h e l l  in a c r i n o i d a l  p a c k s t o n e .  Da r k  g r a i n  
a t  t h e  upper  l e f t  Is a c r i n o l d  f r a g m e n t .  Note t h e  s p i n e s  
s t i l l  a t t a c h e d  t o  t h e  b r a c h i o p o d  s h e l l .  T h e y , a l o n g  w i t h  
t h e  s h e l t e r  cement  ( l o w e r  r i g h t )  suggest  a l a c k  o f  a g i t a t i o n  
o f  t h e  w a t e r  and q u i c k  b u r i a l  o f  t h e  s e d i m e n t .  T h i n  s e c t i o n  
p l a n e  l i g h t .  B e a r t o o t h  M o u n t a i n s ,  U . M . P .  # 6 9 8 6 ,  Ba r = . 8 mm.
D. P e l o i d a l  oospa r i t e .  The d a r k  g r a i n s  h e r e  a r e  m a i n l y  
oo i ds and s k e l e t a l  f r a g m e n t s  t h a t  have been h e a v i l y  m i c r l -  
t i z e d .  O c c a s i o n a l l y  t h e  p o o r l y  p r e s e r v e d  r a d i a l  s t r u c t u r e  
o f  an o o i d  can be seen.  An e a r l y  f r i n g i n g  cement  p r e v e n t e d  
most  o f  t h e s e  p a r t i c l e s  f rom c o n t a c t i n g  one a n o t h e r  when 
t h e y  were l a t e r  compacted.  T h i n  s e c t i o n ,  p l a n e  l i g h t .  
B e a r t o o t h  Mo u n t a i n s ,  U . M. P .  # 6 9 9 6 .  Ba r = . 5 mm.
E. Bot tom and top s e c t i o n s  o f  p h o t o  a r e  p e l o i d a l  o o l i t i c  
g ra i n s t o n e s , and t h e  c e n t e r  is a mudst one .  The g ra i ns t o ne  
has a somewhat g r a d a t i o n a l  t e x t u r e  i n t o  t h e  mudst one .  The 
muds t o n e , however ,  is in sharp  c o n t a c t  w i t h  t h e  g ra i n s t o n e  
a t  t h e  t o p ,  and is mudcracked .  Th i s  is a good ex ampl e  o f  
t i d a l  f l a t  s e d i m e n t a t i o n .  Th i n  s e c t i o n ,  p l a n e  l i g h t .  
B e a r t o o t h  M o u n t a i n s ,  U . M. P .  # 6 9 9 8 .  Ba r = 10 mm.
F . Lower # o f  p ho t o  is a b i o c l a s t i c  p a c k s t o n e  c o n s i s t i n g  
o f  p e l o i d s ,  b r a c h i o p o d  f r a g m e n t s ,  and c r i n o l d  f r a g m e n t s ,  
a l t e r n a t i n g  In 1 mm t h i c k  l aminae  w i t h  mu ds t one .  The upper  
p a r t  o f  t h e  pho t o  is a bur rowed d i s m i c r i t e  w i t h  a f ew b i r d s ­
eye s t r u c t u r e s .  Th i n  s e c t i o n ,  p l a n e  l i g h t .  Snowc r e s t  
Range,  U . M . P .  # 6 9 8 9 .  Ba r = 10 mm.
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P l a t e  1. Ca r b onat e  rocks f rom t he  B e a r t o o t h  Mounta ins and 
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F i g u r e  27.  T y p i c a l  i de a l  s h a 11owi ng-upward c y c l e  in the  
M i s s i o n  Canyon For mat i on  o f  s o u t hwe s t e r n  Montana.
Snowc r e s t  Range and in t h e  B e a r t o o t h  Mount a i ns ,  is shown in 
f i g u r e  27 .  I t  would t y p i c a l l y  s t a r t  w i t h  a lag d e p o s i t  
t h a t  i n d i c a t e s  t he  i n i t i a l  t r a n s g r e s s I  on o f  the  sea.  This  
i n i t i a l  t r a n s g r e s s i o n  p r o b a b l y  t o ok  p l a c e  q u i t e  r a p i d l y .  
Ri p - u p  c l a s t s ,  i n t r a c l a s t s ,  r e - wo r k e d  f o s s i l  f r a g m e n t s ,  and 
1 i t  hoc l a s t s  a r e  common f e a t u r e s  o f  t h i s  zone .  These de­
p o s i t s  a r e  t h i n  and o f t e n  p o o r l y  p r e s e r v e d .  Above t he  lag 
d e p o s i t  a sequence o f  open ma r i n e  o r  lagoon d e p o s i t s  e x i s t s .  
They a r e  g e n e r a l l y  i n d i c a t i v e  o f  a f a i r l y  deep ( t e n  t o  one 
hundred me t e r s  w a t e r  d e p t h ) ,  q u i e t  w a t e r  e n v i r o n me n t ,  above  
o r  below t h e  p h o t i c  zone,  and below f a  i r w e a t h e r  wave base,
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but  a b l e  t o  be a f f e c t e d  by o c c a s i o n a l  s tor ms.  In t h i s  en­
v i r o n m e n t ,  t h e  most common l i t h o l o g y  is a c r i n o i d a l  pack-  
s t o n e / w a c k e s t o n e , w i t h  l e s s e r  amounts o f  b r ac h i opo ds ,  
br y o z o a n s ,  g a s t r o p o d s ,  and f o r a ms .  The abundance o f  c r i ­
noi ds  is i n d i c a t i v e  o f  open ma r i n e  c o n d i t i o n s ,  as c r i n o i d s  
a r e  s t r o n g l y  s t e n o h a l i n e .  Above t h i s  zone is the s h a l l o w  
s u b t i d a l  z one .  Thi s  zone is c h a r a c t e r i z e d  by w e l l - w a s h e d  
and s o r t e d  l ime sands,  common 1 y o o l i t i c  o r  pel  1o i da 1, and 
w i t h  no mud. These g ra i nstones c ou l d  r e p r e s e n t  e i t h e r  
t i d a l  c h a nn e l s  whi ch  e x i s t  on t h e  t i d a l  f l a t ,  o r  sandy 
s h oa l s  e x i s t i n g  seaward o f  t h e  b e a c h . In e i t h e r  case ,  
t h e s e  g ra i ns tones c o u l d  be found s t r a t i g r a p h i c a 11 y above or  
below t h e  i n t e r t i d a l  sed i ment s  (James,  19 84 ) .  The i n t e r ­
t i d a l  zone is c h a r a c t e r i z e d  by a l g a l  l a m i n a t i o n s ,  i n t e r t i d a l  
" s e t t l e - o u t "  l a m i n a t i o n s  ( H a r d i e  and Gi nsbur g ,  19 77 ) ,  mud 
c r a c k s ,  b i r d s e y e s ,  graded storm l a y e r s ,  p o s s i b l e  t eepee  
s t r u c t u r e s  and s t r o m a t a c t i s , and d r i e d - o u t  ch i ps  o f  l ime  
mud. There  is a l s o  a g e n e r a l  l a c k  o f  f o s s i l s ,  except  f o r  
a few t h a t  may have been washed up by t he  t i d e s .  The 
s up r a t  i da 1 e n v i r o n me nt  is i d e n t i f i e d  m a i n l y  on t h e  bas i s  
o f  t h e  e v a p o r i t e - so 1u t i o n  b r e c c i a s ,  as t h e y  a r e  b e l i e v e d  
t o  r e s u l t  f rom t he  c o l l a p s e  o f  sed i ment s  s u p e r j a c e n t  t o  an 
evapo r i t e  l a y e r  a f t e r  t h e  evapor  i t es  d i s s o l v e d .  This  
b r e c c i a  marks t he  top o f  t he  c y c l e .
Only r a r e l y  a r e  a l l  o f  t h e s e  e l e me nt s  p r e s e n t  in any 
one c y c l e .  The i n i t i a l  lag d e p o s i t ,  p a r t i c u l a r l y ,  is o f t e n
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not  w e l l  p r e s e r v e d ,  and s u p r a t i d a l  f e a t u r e s ,  o t h e r  than  
c o l l a p s e  b r e c c i a s ,  a r e  somet imes m i s s i n g .
Such c y c l e s  a r e  best  de v e l op e d  in t h e  B e a r t o o t h  
M o u n t a i n s ,  where  a t  l e a s t  f o u r  and p o s s i b l y  f i v e  or  s i x  
c y c l e s  can be seen ( Appe ndi x  C) .  Cyc l es  her e  a v e r a ge  42 m 
t h i c k ,  and t y p i c a l l y  s h a l l o w  upward t o  an o o l i t i c  g r a i n -  
s t o n e  o r  t o  an o o l i t i c  g ra i ns t one  and an evapor  i t e  s o l u t i o n  
b r e c c i a .  Where a b r e c c i a  is not  p r e s e n t ,  t he  seas a p p a r ­
e n t l y  d i d  not  s h a l l o w  enough f o r  a s u p r a t  i d a 1 sabkha t o  
d e v e l o p .  The t op  15 m o f  t h i s  s e c t i o n  appears  t o  have  
remained in v e r y  s h a l l o w  w a t e r  ( i n t e r t i d a l  t o  s h a l l o w  sub-  
t i d a l ) .
These c y c l e s  a r e  a l s o  seen in t he  Snowc r e s t  Range,  
a l t h o u g h  t h e y  a r e  not  as numerous nor  as e v i d e n t  as in the  
B e a r t o o t h  M o u n t a i n s .  Her e ,  t h e r e  is a t  l e a s t  one c y c l e ,  
and p o s s i b l y  t h r e e  o r  f o u r .  Cycl es  in t h i s  s e c t i o n  a v e r a g e  
47 m t h i c k ,  and t h e y  s h a l l o w  upward t o  an e v a p o r i t e - s o  1u t i o n  
b r e c c i a  w i t h  no g ra i ns t one ,  o r  t o  a c r i n o i d a l  g ra i ns t one  
above an e v a p o r i t e - so 1u t i o n  b r e c c i a .  The more abundant  
e v a p o r i t e s  in t h i s  s e c t i o n  i n d i c a t e s  t h a t  i t  may have been 
c l o s e r  t o  shore  than t h e  B e a r t o o t h  Mounta i ns  s e c t i o n .  As in 
t h e  B e a r t o o t h  Mount a i ns  s e c t i o n ,  t he  top 21 m o f  t h i s  
s e c t i o n  remained in v e r y  s h a l l o w  w a t e r .
In t h e  C e n t e n n i a l  Range,  c y c l e s  a v e r a g e  30 m in t h i c k ­
ness and c o n s i s t  o f  t i d a l - f l a t  d e p o s i t s  capped by e v a p o r i t e -  
s o l u t i o n  b r e c c i a s .  An o o l i t i c  g r a i n s t o n e  e x i s t s  a t  the
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bot tom o f  t h e  s e c t i o n  t h a t  may be a beach sand mark ing  t he  
s h o r e l i n e  d u r i n g  t h e  i n i t i a l  t r a n s g r e s s i o n  o f  t he  sea,
D e p o s i t i o n a l  model
The i n f e r r e d  depos i t i o n a 1 model  is shown in f i g u r e  
28.  Wi t h  s e c t i o n  2 ( C e n t e n n i a l  Range s e c t i o n )  r emai n i ng  
i n t e r t  i d a 1/ s u p  r a t  i da 1 most o f  t h e  t i m e ,  and s e c t i o n  4 
(Camp Creek s e c t i o n )  r e ma i n i n g  in deep w a t e r ,  s e c t i o n  1 
( B e a r t o o t h  Mount a i ns  s e c t i o n )  was in an a r e a  o f  o f f s h o r e  
s h o a l i n g ,  and s e c t i o n  3 ( Snowc r e s t  Range s e c t i o n )  was s h o r e ­
ward o f  t h e  s h o a l .
For  t h e  s e c t i o n s  s t u d i e d ,  t h e  development  o f  a s i n g l e  
c y c l e  t h r o u g h  t i m e  c o u l d  thus be p r e s e n t e d  as f o l l o w s :  The
i n i t i a l  t r a n s g r e s s i o n  o f  t h e  sea drapes a t h i n  lag d e p o s i t  
a c r o s s  t h e  land s u r f a c e  u n t i l  t h e  sea s t a b i l i z e s  a t  t he  
s t a g e  d e p i c t e d  in f i g u r e  28A.  Here t h e  maximum wave energy  
impinges on t he  s hor e ,  c r e a t i n g  a w e l l - w a s h e d  o o l i t i c  
c a r b o n a t e  beach sand and a t i d a l  f l a t .  Thi s  beach sand is 
r e c o g n i z e d  a t  s e c t i o n  2 o n l y  a t  t h e  base o f  t h e  s e c t i o n .
At t h i s  s t a g e  t h e  model  may be termed a " c a r b o n a t e  ramp" 
(Ahr ,  1973;  o r i g i n a l  r e f e r e n c e  not  seen,  see Wi l so n ,
1 9 7 5 ) .  As t h e  c a r b o n a t e  p l a t f o r m  begins  t o  b u i l d  up,  a 
shoal  d e v e l o p s  o f f s h o r e ,  and t h e  c a r b o n a t e  ramp r a p i d l y  
e v o l v e s  i n t o  a c a r b o n a t e  s h e l f  ( f i g .  2 8 8 ) .  This shoal  con­
s i s t e d  o f  w e l l - w a s h e d  o o l i t i c  sands,  p r o b a b l y  most w e l l  
d e v e l o p e d  on i t s  seaward s i d e ,  w i t h  a we 11- d e v e 1 oped t i d a l
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F i g u r e  28 .  D e p o s î t i o n a l  Model  ( c o n t i n u e d )
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f l a t  on i t s  l andward s i d e .  I t  r e c e i v e d  most o f  the wave 
e n e r g y  o f  t h e  open ocean,  so t h a t  f o r  t h e  r e s t  o f  t h i s  
c y c l e ,  t h e  w a t e r  shoreward o f  t h e  shoal  remains ca l m.  At  
t h i s  t i m e ,  s e c t i o n  4 is in deep w a t e r ,  s e c t i o n  1 and 
s e c t i o n  3 a r e  in w a t e r  somewhat s h a l l o w e r  than a t  s e c t i o n  
4,  and s e c t i o n  2 is i n t e r t i d a l .  Wi t h  maximum development  
o f  t h e  s h o a l ,  a we 11- d e v e 1 oped o o l i t i c  sand bar  w i l l  e x i s t  
o f f s h o r e  ( f i g .  2 8 C ) .  The lagoon c o n s i s t s  o f  ve r y  q u i e t ,  
normal  ma r i n e  w a t e r  whi ch is c o n t i n u o u s l y  becoming s h a l l o w e r .  
At t h i s  p o i n t ,  s e c t i o n  4 is s t i l l  in deep w a t e r ,  and s e c t i o n  
2 is in a sup r a t  i da 1 ev apor  i t e  s e t t i n g .  S e c t i o n  1 is in 
t h e  a r e a  o f  s h o a l i n g  w i t h  e i t h e r  g ra i ns tones o r  t i d a l  f l a t  
sed i ment s  be i ng  d e p o s i t e d ,  depending on the ex a c t  p o s i t i o n  
o f  t h e  s h o a l .  S e c t i o n  3 is s t i l l  shoreward o f  the  shoal  in 
q u i e t ,  r e l a t i v e l y  deep w a t e r ,  b u t ,  depending on t he  ex ac t  
l o c a t i o n  o f  t he  s h o a l ,  would o c c a s i o n a l l y  be in an a r e a  o f  
t i d a l  sediment  o r  g r a i n s t o n e  d e p o s i t i o n .
W i t h  c o n t i n u e d  p r o g r a d a t i o n  o f  t h e  c a r b o n a t e s ,  a supr a -  
t  i d a 1 sabkha is d e v e l o p e d  ( f i g .  2 8 D) .  S e c t i o n  4 is in deep 
w a t e r ,  s e c t i o n s  2 and 3 a re sup r a t  i da 1, and s e c t i o n  1 is 
r i g h t  on t h e  boundary and may be sup r a t  i da 1, i n t e r t i d a l ,  or  
s h a l l o w  subt  i da 1, dependi ng on e x a c t  c o n d i t i o n s .  This  
c o n s t i t u t e s  one c o mp l e t e  c y c l e ,  and t h e  next  t r a n s g r e s s i o n  
s t a r t s  t h e  p r ocess  a l l  o v e r  a g a i n .
D i a g e n e t i c  p r oce ss es  shoul d  d i f f e r  depending on where  
a s e c t i o n  is l o c a t e d  w i t h  r e s p e c t  t o  t h i s  model .  Penecon-
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t emporaneous do 1omi t i z a t î on mi ght  be ex p ec t e d  in s h a l l o w  
w a t e r  s e c t i o n s ,  and in t h e  s e c t i o n s  s t u d i e d ,  i t  does o c c ur .  
S e c t i o n s  1 and 3 mi ght  be e x p e c t e d  t o  show t he  e f f e c t s  o f  
f r e s h - w a t e r  d i a g e n e s i s  and o f  penecontemporaneous do 1om i t i za -  
t i o n ,  p a r t i c u l a r l y  a t  and below t he  s h a l l o w e s t  p o r t i o n  o f  
each c y c l e .  F r e s h - w a t e r  p h r e a t i c  d i a g e n e s t s  is common 
t h r o u g h o u t  s e c t i o n s  1 and 3,  and t h e r e  is a l s o  a s t r ong  
c o r r e l a t i o n  between do 1o m i t i z a t i o n  and t he  s e c t i o n s  o f  rocks 
t h a t  a r e  found a t  and below zones o f  e v a p o r i t e - so 1u t i o n  
b r e c c i a t i o n  ( f i g .  2 9 ) .  U n f o r t u n a t e l y ,  s e c t i o n  h has been 
so r e c r y s t a l l i z e d  t h a t  l i t t l e  can be s a i d  o f  i t s  d e p o s î t i o n a l  
or  d i a g e n e t i c  h i s t o r y .
C o r r e l a t i o n  o f  s e c t i o n s
C o r r e l a t i o n  o f  t h e s e  s e c t i o n s  based on t he  observed  
c y c l e s  can be r i s k y .  Se c t i o n s  1 and 3,  a l t h o u g h  i n t e r p r e t e d  
t o  e x i s t  in e n v i r on me n t s  t h a t  a r e  c l o s e  t o  o r  a d j a c e n t  to  
one a n o t h e r ,  a r e  a c t u a l l y  s e p a r a t e d  by a d i s t a n c e  o f  ISO km. 
S e c t i o n s  2 and 3 a r e  c l o s e  enough t o g e t h e r ,  but  o n l y  the  
e v a por  11e- so  1u t i o n  b r e c c i a s  seem t o  be a b l e  to  be used in 
c o r r e l a t i o n .  S e c t i o n  4,  t he  dee pe r  w a t e r  s e c t i o n ,  cou l d  
not  be c o r r e l a t e d  w i t h  any o t h e r  s e c t i o n .  A t e n t a t i v e  
c o r r e l a t i o n  was made between s e c t i o n s  1 and 3,  however .
Thi s  may be a v a l i d  c o r r e l a t i o n  because t he s e  two s e c t i o n s  
have t h e  g r e a t e s t  amount o f  l i t h o l o g i e  s i m i l a r i t y ,  t h e y  a r e  
both f rom a r e g i o n  where c y c l e s  a r e  de v e l op e d ,  and t h e y  can
North Snowc rest  
Range










yyi Sol Ut ion 
^ B r e c c l a s
Sha] low subt I  da 1 
G raInstonesT i d a 1 depos i t s Open marine
Figure 29.  Co r r e l a t i ons  between sect i ons .
13
km




a l s o  be c o r r e l a t e d  on t h e  b a s i s  o f  l i t h o l o g y  in a d d i t i o n  t o  
t h e  c y c l e s .  Th i s  is in f a c t  e x a c t l y  how t h e s e  two s e c t i o n s  
wer e  c o r r e l a t e d  in t h e  f i r s t  p l a c e  (see f i g .  2 9 ) ,  and t h a t  
t h e  c y c l e s  a l s o  c o r r e l a t e  in t h i s  scheme shows t h a t  t hey  
t e s t  w e l l  ( a l s o  see H a l l ,  1 9 5 2 ) .  These c y c l e s  a r e ,  however ,  
o f  l i t t l e  v a l u e  in r e g i o n a l  c o r r e l a t i o n .  The c o m p l e t e l y  
m a r i n e  n a t u r e  o f  t h e s e  rocks and t h e  l a c k  o f  key mar k er  beds 
l i m i t s  t h e i r  u s e f u l n e s s  in t h i s  r e g a r d .  They l ack  the  
l i t h o l o g i e  d i s t i n c t i v e n e s s  and d i v e r s i t y  o f ,  say,  t h e  
P e n n s y l v a n i a n  eye 1othems o f  t he  m i d c o n t i n e n t  r e g i o n ,  w i t h  
t h e i r  m a r i n e  and c o n t i n e n t a l  s e d i me nt s .
Even though t h e  c a r b o n a t e  b u i l d u p  proceeds more r a p i d l y  
t han  b a s i n  s u b s i d e n c e ,  t h e  i n i t i a l  t r a n s g r e s s i o n  o f  the sea,  
a t  t h e  b e g i n n i n g  o f  each c y c l e ,  is p r o b a b l y  more r a p i d  than  
e i t h e r .  Thus,  p o i n t s  e s t a b l i s h e d  by t he  boundary between  
t h e  s h a l l o w e s t  p a r t  o f  one c y c l e  and t h e  deepest  p a r t  o f  t h e  
nex t  c y c l e  ( t h e  lag d e p o s i t )  a r e  p r o b a b l y  t he  best  f o r  
c o r r e l a t i o n .  E v a p o r i t e - so 1u t i o n  b r e c c i a s  may a l s o  make a 
good c o r r e l a t i o n  l i n e  between s e c t i o n s .  They occur  a t  t he  
s h a l l o w e s t  p a r t  o f  a c y c l e ,  and as t h e y  a r e  p r e s e r v e d  more 
o f t e n  in t he  s e d i m e n t a r y  r ecor d  than t h e  lag d e p o s i t ,  may 
pr ove  more u s e f u l  in t h i s  r e s p e c t .
Cycl es  in t h e  Lodgepo1e For mat i on
Smi th ( 1 9 7 2 a ,  1972b,  1977)  d e s c r i b e d  c y c l e s  f rom the
Lodgepo1e Fo r ma t i o n  o f  t h e  Madison Group o f  c e n t r a l  Montana
84
whi c h  a r e  somewhat d i f f e r e n t  than  those  in t he  M i s s i o n  
Canyon,  The Lodgepo1e Format  ion o f  h is  s t udy  is s i t u a t e d  
on t h e  u n s t a b l e  s h e l f  o f  Mo nt a n a . I t  is c h a r a c t e r i z e d  by a 
s h a 11o w - w a t e r  e n v i r onme nt  r e p r e s e n t e d  by the  Cottonwood  
Canyon Member,  a deep w a t e r  env i r onme nt  r e p r e s e n t e d  by the  
Pa i ne  Member,  and a n o t h e r  s h a l l o w  w a t e r  env i r onment  r e p r e ­
s e n t e d  by t h e  Woodhurst  Member.  Cycles noted by Smith  
( 1 9 7 2 a ,  1977)  were  o f  two d i s t i n c t  t y p e s :  a mudstone or
wackes t one  u n i t  capped by an o o l i t i c  g r a i n s t o n e  t h a t  r e p r e ­
s e n t s  t h e  deep w a t e r  en v i r on me n t  o f  t he  Pa ine  Member,  and a 
pel  l e t  g r a i n s t o n e  u n i t  capped by o o l i t i c  g ra i nstones t h a t  
r e p r e s e n t s  t h e  s h a l l o w e r  w a t e r  e nv i r onme nt  o f  t he  Woodhurst  
Member.  Smi th ( 1 9 7 2 a )  i n t e r p r e t e d  t h e  Pa ine  Member t o  be a 
deep w a t e r ,  open s h e l f  d e p o s i t .  Cyc l es  in the  M i s s i o n  Canyon 
F or mat i on  do not  c o n t a i n  any e l ement s  i n t e r p r e t e d  t o  be as 
deep as t h e  ones r e p o r t e d  in t he  Pa ine  Member.  The c y c l e s  
in t h e  Woodhurst  Member a r e  more s i m i l a r  t o  the ones in t he  
M i s s i o n  Canyon F o r m a t i o n ,  ex c e p t  t h a t  t he y  a r e  o f  a much 
h i g h e r  a v e r a g e  e n e r g y ,  as e x e m p l i f i e d  by t h e  abundance o f  
g ra i ns tones and t h e  l a c k  o f  mud, and t hey  do not  c o n t a i n  
any t i d a l  e l e m e n t s .  The ev ap or  i t e s  t h a t  cap some of  t he  
c y c l e s  in t h e  M i s s i o n  Canyon F or mat i on  a r e  n o n e x i s t e n t  in 
t h e  Lodgepo1e F o r ma t i o n .  Th i s  is as e x p e c t e d ,  as the Lodge­
po 1e F or ma t i o n  was d e p o s i t e d  by a t r a n s g r e s s i n g  sea r a t h e r  
t h an  by a r e g r e s s i n g  sea as was t he  M i s s i o n  Canyon F or mat i on .
SUMMARY AND CONCLUSIONS
1. The M i s s i o n  Canyon For mat i on  in s out hwes t e r n  Montana is 
a t h i n - b e d d e d  t o  mass i ve  sequence o f  l i mes t one  and d o l o m i t e ,  
w i t h  v e r y  mi n or  amounts o f  t e r r i g e n o u s  e l a s t i c s .
2.  The f o r ma t  ion has a re 1 a t  i v e 1 y sma11 degree  o f  l i t h o l o g i e  
d i v e r s i t y .  Seven ma j o r  l i t h o t y p e s  a r e  r e c o g n i z e d ,  w i t h  
c r i n o i d a l  p a c k s t o n e s ,  o o l i t i c  or  c r i n o i d a l  g ra i n s t o n e s , and 
d o l o m i t e  be i ng  t he  most abundant  rock t y p e s .
3.  F o s s i l  d i v e r s i t y  is r e l a t i v e l y  low. Echinoderms a r e ,  by 
f a r ,  t h e  most abundant  f o s s i l .  Br achi opods ,  bryozoans,  
f o r ams,  and o s t  racods o c c ur  i n f r e q u e n t l y ,  and gast r opods and 
c o r a l s  a r e  even more r a r e .
4.  The rocks s t u d i e d  were g e n e r a l l y  d e p o s i t e d  in a s h a l l o w
sea o f  normal  s a l i n i t y .
5c A v a r i e t y  o f  d i a g e n e t i c  m o d i f i c a t i o n s  a f f e c t e d  these
rocks ,  i n c l u d i n g  s i l i c i f i c a t i o n ,  c e m e n t a t i o n ,  compact i on,  
and d o l o m i t i z a t i o n .  A d d i t i o n a l l y ,  some o f  t he  rocks s t u d i e d  
have been e x t e n s i v e l y  r e c r y s t a l l i z e d .
6 .  Cement f a b r i c s  i n d i c a t e  t h a t  c e m e n t a t i o n  o cc ur r ed  in the  
m e t e o r i c  p h r e a t i c  zone.
7.  Much o f  t h e  d o l o m i t e  is o f  a penecontemporaneous supr a -  
t i d a l  o r i g i n ,  and was e f f e c t e d  t hr ough  a l oc a l  source of
ca r b o n a t e .
8.  The pr ocess  o f  do 1om i t  i z a t  ion r e s u l t e d  in a c o n s i d e r a b l e  
amount o f  p o r o s i t y .  P o r o s i t y  e x i s t s  m a i n l y  as molds and
8 5
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s o l u t i o n - e n l a r g e d  molds o f  c r i n o i d s ,  and as i n t e r c r y s t a l l i n e  
por es  between d o l o m i t e  rhombs.
9.  The f o u r  s e c t i o n s  measured d e l i n e a t e  a c a r b o n a t e  p l a t f o r m  
w i t h  an o f f s h o r e  o o l i t i c  b a r .
10.  S e v e r a l  s h a l l o w i n g - u p w a r d  c y c l e s  a r e  noted in t hese  
s e c t i o n s .  Each one g e n e r a l l y  c o n s i s t s  o f  open mar i ne  de­
p o s i t s  s h a l l o w i n g  t o  an o o l i t i c  o r  c r i n o i d a l  g r a i n s t o n e ,  a 
t i d a l  zone ,  o r  a s u p r a t i d a l  zone ,
11.  Evapor i t e s  we re formed in a s u p r a t i d a l  sabkha.  A sabkha  
p r o b a b l y  e x i s t e d  a t  v a r i o u s  l o c a t i o n s  t h r oughout  the p e r i o d  
o f  d e p o s i t i o n  o f  t h e  Mi s s i o n  Canyon For mat i on .
12. Evapor i t e - s o l u t  ion b r e c c i a s  were formed when n e a r ­
s u r f a c e  w a t e r s  d i s s o l v e d  t he  evapor  i t es and t he  o v e r l y i n g  
sed i ment s  c o l l a p s e d .
13. At t he  end o f  t h e  d e p o s i t i o n  o f  the Mi s s i o n  Canyon 
F o r m a t i o n ,  t he  seas w i t h d r e w  t o  t he  wes t ,  and a k a r s t  t o pog ­
raphy was d e v e l ope d  a t  t he  top of  t he  s e c t i o n .  L a t e r  dep­
o s i t i o n  o f  t he  o v e r l y i n g  sed iments  col  l apsed the  cavern  
r oo f s  o f  t he  k a r s t  t o p o g r a p h y ,  r e s u l t i n g  in k a r s t  b r e c c i a s .
14. The e x t r e m e l y  v a r y i n g  t h i c k n e s s  o f  t he  Mi ss i on  Canyon 
F o r ma t i on  is p r i m a r i l y  a consequence o f  t he  v a r i a b l e  amount  
o f  e r o s i o n  t h a t  t ook  p l a c e  a t  t he  top o f  t h e  s e c t i o n  d ur i n g  
t h i s  e x p o s u r e .
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APPEND ICES 
Ap p e n d i x  A - St r a t  i g raph i c s e c t i o n s *
The l o c a t i o n s  o f  t h e  s t  r a t  i g raph i c s e c t i o n s  measured  
f o r  t h i s  s t udy  t h a t  appea r  on t he  f o l l o w i n g  pages a r e  as 
f  o 1 1 ow s :
S e c t i o n  1* Baker  Mo unt a i n ,  Be a r t o o t h  Range.  Approx­
i m a t e l y  30 m i l e s  southwest  o f  Big T imber ,  Montana,  on Route 
29 8 .  S e c t i o n  is west  o f  road a l ong  ea s t  s i d e  o f  Baker  
Mount a i n  in W^NW^ sec.  35 and NEi^NE^ sec,  34,  T3S, R12E.
S e c t i o n  2.  Ode l l  Creek Canyon,  Ce n t e n n i a l  Range.  
A p p r o x i m a t e l y  t h r e e  m i l e s  s o u t h e a s t  o f  Lakeview,  Montana,  
on t h e  e a s t  s i d e  o f  Ode l l  Creek in SWi sec.  31,  T 14 S , RIW.
S e c t i o n  3.  Snowc res t Range.  A p p r o x i ma t e l y  45 mi l e s
s o u t h e a s t  o f  D i l l o n ,  Montana,  a l ong  West Fork B l a c k t a i l  
Deer Cr eek .  S e c t i o n  is e a s t  o f  road in SE^SE^ sec.  15, and 
SW^SWi sec .  14, T12S,  R6W.
S e c t i o n  4 .  Camp Cr eek ,  A p p r o x i m a t e l y  two m i l e s  east
o f  M e l r o s e ,  Montana,  a l ong  t h e  south s i d e  o f  Camp Creek in 
N i N i  sec .  30,  T2S,  R8W.
EXPLANATION FOR STRATIGRAPHIE COLUMNS 
L imestone
Do 1om i t  e 
Sha 1 e 
B recc i a 
Che r t
Sea le is in 




C r i n o i d a l  l i mest one  
or  d o l o m i t e
Oo1 i t ic 1 imes tone  
Sandstone  
Covered i n t e r v a l
Bedd ing th  i c k n e s s :
v e r y  t h i n :  l ess than 8 mm 
t h i n ;  8 mm - . 3 m  
med i um; , 3 m -  , 6 m  
t h i c k :  . 6 m -  1 . 5 m  
v e r y  t h i c k ;  1 . 5 m -  3 m







D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  L i g h t  gray ,  
v e r y  t h i n  bedded,  w i t h  12% s c a t t e r e d  de-  
t r i t a l  q u a r t z  s i l t ;  c r os s - b e dde d  and w i t h  
r i p p l e  marks.  A l t e r n a t e s  w i t h  3 to  5 cm 
t h i c k  l a y e r s  o f  l i g h t  g r ay  ve r y  t h i n l y  lam­
i n a t e d  s h a l e .  Qua r t z  c o n t e n t  decreases t o -  
_wa rd t he  t o p .  M o t t l e d  in p l aces  t h r o u g h o u t .
D o l o m i t e ,  f i n e l y  c r y s t a l l i n e .  L i gh t  g r a y i s h  
brown,  t h i n  t o  medium bedded.  Occas iona l  
pat che s  o f  c o a r s e r  d o l o m i t e ,  and 1% p y r i t e  
w i t h  a s s o c i a t e d  l i m o n i t e  s t a i n i n g .  E i o t u r -  
bat ed  in p l a c e s .
D o l o m i t e ;  f i n e  t o  medium c r y s t a l l i n e .  Medium 
t o  d a r k  g r a y ,  ma ss i ve .  M o t t l e d  in p l aces  w i t h  
pat ches  o f  c o a r s e r  d o l o m i t e  and spa r i t e ,  w i t h
up t o  10% i n t e r c r y s t a 1 1 i ne 
is brecc  i a t e d .
p o r o s 11 y . Top 3m
Cove red -
Lodgepo1e F or ma t i o n .











Do lorn 1 t e  ; 
t o  medium 
1 ami na t ed
f i n e l y  c r y s t a l l i n e .  Dark g r a y ,  t h i n  
bedded.  Rock is h o r i z o n t a l l y  wavy-  
w i t h  d a r k e r  brown patches o f  d o l o ­
m i t e .  Trace  o f  i n t e r c r y s t a l l i n e  p o r o s i t y ,  
p y r i t e ,  and c h e r t .
D o l o m i t i c  l i m e s t o n e ;  m i c r i t e  ( mudstone) .
Dark  g r a y ,  t h i n  t o  medium bedded.  70% m i c r i t e  
a n d / o r  m i c r o s p a r  w i t h  s c a t t e r e d  d o l o m i t e  
rhombohedra. Top 3 m a r e  l ami na t e d  and 
bu r rowed.
Covered.
C a l c a r e o u s  d o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  
Medium gr a y  and mass i ve  a t  the  bot tom ; becom­
ing t h i n - b e d d e d  t he  top 3 m. Conta i ns  30% 
c r i n o i d s  and spa r i t e  in a d o l o m i t e  m a t r i x .
Che r t  y in p l a c e s ,  and v a g ue l y  burrowed,  m o t t ­
l ed ,  and l a mi n a t e d  a t  the  t o p .
D o l o m i t i c  l i m e s t o n e ;  d o l o m i t i c  c h e r t y  c r i n o i d ­
a l  b i o m i c r i t e  ( p a c k s t o n e ) .  30% c r i n o i d s  and
bryozoans in a m a t r i x  o f  m i c r o s p a r  w i t h  10% 
d o l o m i t e .  Ch e r t y  in p l a c e s .
D o l o m i t i c  l i m e s t o n e ;  d o l o m i t i c  c r i n o i d a l  b i o ­
m i c r i t e  ( p a c k s t o n e ) .  Medium g r a y ,  mass i ve ,  
w i t h  a t r a c e  o f  d e t r i t a l  and a u t h i g e n i c  
_g_uartz,  and 40% d o l o m i t e .
Ca l c a r e ou s  d o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Dark  
g r a y ,  t h i n  t o  medium bedded,  w i t h  20% d o l o m i t -  
i zed c r i n o i d  p a r t i c l e s  and 15% s p a r r y  c a l c i t e .  
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Dark g r a y ,  t h i n  
t o  medium bedded.  Trace of  d e t r i t a l  q u a r t z  
and a u t h i g e n i c  p y r i t e ,  w i t h  1-5% i n t e r c r y s -  
_ta 1 1 i ne poros i t y .
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L i mes t on e ;  O o s p a r l t e  ( g r a i n s t o n e ) ,  Dark gr ay ,  
t h i n  bedded.  Ooids have both r a d i a l  and t a n ­
g e n t i a l  s t r u c t u r e ,  and many have a nucleus of  
c r i n o i d  f r a g m e n t s .  Trace  o f  d e t r i t a l  q u a r t z .
D o l o m i t i c  l i m e s t o n e ;  
( p a c k s t o n e ) .  Medium
M a t r  i x  is most 1 y 
o o i d s ,  c o r t o i d s ,  
d o l o m i t i c  toward
c r i n o i d a l  b i o m i c r i t e  
g r a y ,  t h i n  bedded.
pe r c e n tm i c r o s p a r ,  w i t h  a few 
and p e l o i d s .  Becomes 
t he  t op .
less
— i 20 Cove r e d .
D o l o m i t i c  l i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  
( packs t o n e ) .  Dark g r ay  and mass i ve  a t  the  
bot tom ; medium bedded the  top 5 m. Do l omi t e  
c o n t e n t  decr eases  toward the t o p .  Lower p a r t  
is h o r i z o n t a l l y  l ami n a t e d  and bur rowed.  Con­
t a i n s  about  50% c r i n o i d s .
L i mes t one ;  c r i n o i d a l  o o s p a r i t e  ( g r a i n s t o n e ) .  
Medium g r a y ,  ma ss i ve ,  St y 1o 1 i t  ic w i t h  a com­
p a c t e d  f a b r i c ,  many m i c r o s t y 1o 1 i t i c  c o n t a c t s ,  
and s t y  l o i  i t  ic p o r o s i t y .  Cons i s t s  o f  o v e r  
90% p a r t i c 1 e s , m o s t l y  c r i n o i d s .




D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium t o  l i g h t  
g r a y ,  t h i c k  bedded a t  t h e  bot tom,  t h i n  bedded 
t h e  top 3 m. Cont a i ns  r i p - u p  c l a s t s  and I t o  
3 % mo 1d i c p o r o s i t y .
D o l o m i t i c  l i m e s t o n e ;  b i o m i c r i t e  ( p a c k s t o n e /  
w a c k e s t o n e ) .  Medium t o  l i g h t  g r a y ,  t h i n  
bedded.  Mudstone a l t e r n a t e s  w i t h  c r i n o i d a l  
b r a c h i o p o d  p ac ks t o ne  in 1 mm beds,  and 
grades i n t o  mudstone a t  the  t op .
L i mes t one ;  b i o s p a r i t e  (g ra i n s t o n e ) .  Dark  
g r a y ,  t h i n  t o  medium bedded,  becoming massive  
t he  top 2 m. Somewhat compacted f a b r i c  w i t h  
t r a c e  of  a u t h i g e n i c  p y r i t e  and c h e r t ,  and 20% 
p o r o s i t y  as vugs and s o l u t  i o n - e n l a r g e d  molds.
Cove r e d ,
-  160
-  150
S e c t i o n  1 -  B e a r t o o t h  M o u n t a i n s
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Amsden Format i on.
Covered,  
known.
Exact s t r a t î g r a p h i c  d i s t ance  un-
■Unconform i t y .
Limestone;  o o l i t i c  c r i n o i d a l  b i o s p a r i t e  
( g r a i n s t o n e ) .  Medium gray,  t h i n  to medium 
bedded.  The lower 6 m a l t e r n a t e s  w i t h  mud­
stone in 30 mm s e t s ;  grading i nto  f i n e  laminae 
_^he top 5 m.
Limestone;  o o l i t i c  c r i n o i d a l  b i o s p a r i t e  
( g r a i n s t o n e ) ,  L ight  gray ,  t h i c k  bedded, wi t h  
— 230 5% s c a t t e r e d  d o l omi t e .  P a r t i c l e s  are wel l
rounded and so r t e d ,  and are  somewhat compac­
t e d .  Top 4 m become medium bedded.
Dol omi t e ;  f i n e  to medium c r y s t a l l i n e .  Medium 
gr ay ,  t h i n  to  medium bedded.  Middle sec t i on  
is m o t t l e d  from local  coarsening of  dol omi te ,  
and has b i rdseyes and I n t e r c r y s t a l l i n e  p or ­
o s i t y .  Upper 2 m a r e  ca l careous and have a 
more f i n e l y  c r y s t a l l i n e  t e x t u r e .
Limestone;  c r i n o i d a l  p e l m i c r i t e  ( packst one) .  
Medium to  l i g h t  gray ,  t h i n  bedded.  M a t r i x  
c o n s i s t s  of  compacted p e l l e t s  w i t h  50% c r i ­
noids and 5% d o l omi t e .
-  200 3%
Calcareous d o l omi t e ;  f i n e l y  c r y s t a l l i n e .  
Medium t o  l i g h t  gray ,  t h i n  to medium bedded.
vuggy p o r o s i t y  increases to 12% the upper  
2 m. H o r i z o n t a l l y  laminated at  the top.
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Ca l c a r e ou s  d o l o m i t e ;  medium c r y s t a l l i n e .  Me 
dium g r a y ,  mass i ve  t o  t h i c k - b e d d e d  a t  the  
bot t om,  medium bedded a t  t he  t o p .  10% i n t e r
c r y s t a l l i n e  and vuggy p o r o s i t y ,  and 10% 
ry c a l c i t e  r e p l a c i n g  or  cement ing f o s s i  




D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium gray ,  
ma ss i ve  a t  the bot tom and medium-bedded the  
top 4 m. 10% p o r o s i t y  as vugs,  molds,  and 
s o l u t  i o n - e n l a r g e d  molds.  E recc i a t e d  a t  the
bot  tom.
L i mest one;  c r i n o i d a l  o o s p a r i t e  ( g r a i n s t o n e ) .  
Medium g r a y ,  mass i ve .  75% ooids and c r i n o i d  
g r a i n s .  S l i g h t l y  compacted.  Brecc i a t e d  a t  
t h e  t o p .
] 0 Limes tone ;
L i g h t  g r a y ,  massive  
in a m i c r i t e  m a t r i x
c r i n o i d a l  b i o m i c r i t e  ( p a c k s t o n e ) .
Cons i s t s  o f  40% c r i n o i d s  
10% vuggy p o r o s i t y .
Lodgepo1e For ma t i o n .
S e c t i o n  2 -  C e n t e n n i a l  Range
106
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium gr a y ,  
medium bedded a t  the  bot tom,  becoming massive  
t oward  t he  t o p .  15% i n t e  rc r y s t a 11 i ne p o r ­
o s i t y  and as s o l u t  i o n - e n l a r g e d  molds.
z = z
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium gr ay ,  
t h i n  t o  v e r y  t h i c k - b e d d e d . 5% p o r o s i t y  as
smal l  vugs and c r i n o i d  molds.  Conta ins sma 
c h e r t  nodules toward the t o p .
-  70
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium gray ,  
mass i ve  a t  the  bot tom,  becoming t h i c k - b e d d e d  
a t  t he  t o p .  15% p o r o s i t y  as molds o f  c r i n o i d s ,  
s o l u t  i o n - e n l a r g e d  molds o f  c r i no i d s ( ? ) ,  and 
vugs.  Brecc i a t e d  t h r o u g h o u t .
Ca l c a r e o us  d o l o m i t e ;  v e r y  f i n e l y  c r y s t a l l i n e .  
Dark g r a y ,  ma s s i v e ,  7% mo 1d i c p o r o s i t y  and 8% 
spar  i t e  as cemented molds and vugs.  B r e c c i a -  
t ed  t h r o u g h o u t .
D o l o m i t e ;  medium c r y s t a l l i n e .  Medium gr ay ,  
m a s s i v e .  10% vuggy p o r o s i t y  and 15% do 1o-  
m i t i z e d  c r i n o i d  p a r t i c l e s .  B r e c c i a t e d .  
C a l c a r e o u s  d o l o m i t e ;  f i n e l y  c r y s t a l l i n e .
Medium g r a y ,  ma s s i v e .  15% s p a r i t e  cement ing  
mo 1ds and vugs.  B r e c c i a t e d  t h r o u g h o u t .  
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Dark g r a y ,  
m a s s i v e .  25% p o r o s i t y  as molds,  s o l u t i o n -  
e n l a r g e d  molds,  and vugs.  B r e c c i a t e d  a t  the  
t o p .




D o l o m i t e ;  medium c r y s t a l l i n e ,  
m a s s i v e .  15% vuggy p o r o s i t y ,  
t  h r o u g h o u t .
107
L i ght  g r ay ,  
Cher t  nodules
— 140 D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium g r a y ,  
m a s s i v e .  3% vuggy and mo l d i c  p o r o s i t y .
D o l o m i t e ;  medium t o  c o a r s e l y  c r y s t a l l i n e  
L i g h t  g r a y ,  ma ss i ve .
Do 1om i t e  
mass i ve.
f i n e l y  c r y s t a 11 i ne.  
vuggy poros i t y .
Medium gr ay ,
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  Medium g r a y ,  
ma s s i v e .  20% p o r o s i t y  as vugs,  molds,  and 
s o l u t  i o n - e n l a r g e d  molds o f  c r i n o i d s .  Cher t  
nodul es  t h r o u g h o u t .
C a l c a r e ou s  d o l o m i t e ;  medium c r y s t a l l i n e .  
Medium g r a y ,  t h i n - b e d d e d . 10% i n t e r c r y s
t a  11 i ne p o r o s i t y  and as vugs o f  unknown 
o r i g i n .  B r e c c i a t e d  t h r o u g h o u t .
-  100




D o l o m i t e ;  medium c r y s t a l l i n e .  L i gh t  gray ,  
m a s s i v e .  10% i n t e r c r y s ta  11 i ne p o r o s i t y  and 
20% p o r o s i t y  as vugs and s o l u t  i o n - e n l a r g e d  
molds o f  c r ino i d s ( ? ) .
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  * L i gh t  gr ay ,  
ma s s i v e .  7% vuggy and mo l d i c  p o r o s i t y .  A 1 
gal  l a m i n a t e d  w i t h  b i r d s e y e  s t r u c t u r e s  and 
r i p - u p  c l a s t s  a t  iSO m. B r e c c i a t e d  through  
o u t .
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  L i gh t  gray ,  
t h i n - b e d d e d .  1 t o  2 mm t h i c k  l a m i n a t i o n s  o f  
a l t e r n a t i n g  co a r s e  (35 m i c r o n )  and f i n e  (20  
m i c r o n )  d o l o m i t e  subhedra .  Cher t y  t hroughout
170 D o l o m i t e ;  medium c r y s t a l l i n e .  L i gh t  gr ay ,  
m a s s i v e .  Cher t y  and b r e c c i a t e d  w i t h  up to  
20% f r a c t u r e  p o r o s i t y .  B r e c c i a t e d  t hroughout
Do 1om i t e  
mass i ve.  
o r i g i n .
c o a r s e l y  c r y s t a l l i n e .  L i gh t  g r ay ,  
3% p o r o s i t y  as vugs o f  unknown 
B r e c c i a t e d  t h r o u g h o u t .
D o l o m i t e ;  medium c r y s t a l l i n e .  L i gh t  g r ay ,  
160 t h i n  t o  medi um-bedded. 10% i n t e r c r y s t a l l i n e
p o r o s i t y  and f r a c t u r e  p o r o s i t y .  B r e c c i a t e d  
 a t  t h e  t o p .
D o l o m i t e ;  medium c r y s t a l l i n e ,  
mass i ve.
Medium gr ay .
-  15t3-----
D o l o m i t e ;  v e r y  f i n e l y  c r y s t a l l i n e  
g r a y ,  ma s s i v e .  3% vuggy p o r o s i t y
Med i um
S e c t i o n  2 -  C e n t e n n i a l  Range
1 0 9
Amsden F or ma t i o n ,
Covered.  Exact  s t r a t î g r a p h I c  d i s t a n c e  un 
known.
—  Uneonform i t y .
-  220
D o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  L i ght  g r ay ,  
m a s s i v e .  Trace o f  p o r o s i t y  as smal l  vugs 
o f  unknown o r i g i n .  Cher t y  a t  the  bot tom 
w i t h  a k a r s t  b r e c c i a  a t  the t op .
-  210
A  /  A  A
D o l o m i t e ;  medium t o  c o a r s e l y  c r y s t a l l i n e .  
L i g h t  g r a y ,  ma ss i ve .  3% p o r o s i t y  as molds  
and vugs o f  unknown o r i g i n .  B r e c c i a t e d  
nea r  t he  bot tom.
-  200








L i m e s t o n e ;  b r a c h i o p o d  b i o s p a r i t e  ( p a c k ­
s t o n e ) ,  Medium g r a y ,  t h i n - b e d d e d .
A l s o  c o n t a i n s  c r i n o i d s .  A l g a l - 1 am i n a t e d  
t h r o u g h o u t ;  c h e r t y  a t  t h e  t o p  and  
b r e c c i a t e d  a t  t h e  b o t t o m .
L i m e s t o n e ;  b i ope I m ic r i t e  ( p a c k s t o n e ) .  
Medium g r a y ,  m e d i u m - b e d d e d . C o n s i s t s  
o f  a p e l o i d a l  m i c r i t e  m a t r i x  w i t h  25% 
c r i n o i d s ,  w i t h  c h e r t  n o d u l e s  and  
d e t r i t a l  q u a r t z .
L i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  ( p a c k s t o n e )  
Medium g r a y ,  med i u m- b e d d e d . C o n t a i n s  m i n o r  
amounts  o f  p y r i t e ,  c h e r t ,  and d e t r i t a l  
q u a r t z  s i l t .  Burrowed and a l g a l - 1 am i n a t e d  
in t h e  m i d d l e  and g r a d e s  i n t o  mudstone  
t h e  t o p  2 m.
Cove r e d .
L o d g e p o l e  F o r m a t i o n






C a l c a r e o u s  d o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  
L i g h t  brown,  m a s s i v e .  C o n t a i n s  15% c r i ­
n o i d  p a r t i c l e s ,  d i s s o l v e d  and cement ed  
by s p a r i t e .  5% i n t e  rc r y s t a 11 i ne p o r o s i t y .
C a l c a r e o u s  d o l o m i t e ,  c o a r s e l y  c r y s t a l l i n e .  
L i g h t  brown,  m a s s i v e ,  w i t h  a n h e d r a l  c r y s t a l s  
o f  d o l o m i t e  up t o  3 mm in s i z e .  20% vuggy  
p o r o s i t y ,  p a r t i a l l y  f i l l e d - i  n by s p a r r y  
c a l c i t e  c e m e n t . B r e c c i a t e d  n e a r  t h e  t o p .
D o l o m i t i c  l i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  
( p a c k s t o n e ) .  Medium g r a y ,  m a s s i v e .  Compact  
e d ,  w i t h  s t y l o l i t i c  p o r o s i t y .
Cove r e d ,
L i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  ( p a c k s t o n e )  
Brown t o  r e d d i s h - g r a y ,  t h i n - b e d d e d . A l s o  
c o n t a i n s  b r a c h i o p o d s .  M a t r i x  is o f  .1 mm 
p e l  l e t s .
60  L i m e s t o n e ;  f o s s i 1 i f e r o u s  m i c r i t e  ( m u d s t o n e ) 
Medium g r a y ,  t h i n - b e d d e d . Less t h a n  
f o s s i l  f r a g m e n t s  and m i c r o s p a r .
L i m e s t o n e ;  b i o s p a r i t e  ( g r a i n s t o n e ) .  Medium 
g r a y ,  t h i n - b e d d e d .  C o n s i s t s  o f  c r i n o i d s ,  
b r y o z o a n s ,  and p e l l e t s  cement ed  by s p a r r y  
c a l c i t e .









D o l o m i t e ;  medium c r y s t a l l i n e .  Medium brown,  
t h i n  t o  m e d I u m - b e d d e d , 5% I n t e r c r y s t a l l i n e  
p o r o s i t y .  Becomes more f i n e l y  c r y s t a l l i n e  
and b r e c c i a t e d  t o w a r d  t h e  t o p .
C a l c a r e o u s  d o l o m i t e ;  f i n e  t o  medium c r y s t a l -  
l i n e .  L i g h t  g r a y ,  t h i n  t o  m e d i u m - b e d d e d . 
C o n t a i n s  a b o u t  40% c r i n o i d s .  S l i g h t  amount  
o f  i n t e  rc r y s t a 11 i ne p o r o s i t y .
c r i no I da 1 
g r a y , t h i n
b I o m I c  r 11 e 
t o  medIum-
D o l o m i t i c  l i m e s t o n e  
( w a c k e s t o n e ) .  Dar k  
R e d d e d .
C a l c a r e o u s  d o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  
L i g h t  brown,  t h i n  t o  m e d I u m - b e d d e d . C h e r t y ,  
w i t h  10% vuggy p o r o s i t y .
D o l o m i t i c  l i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  
( w a c k e s t o n e ) .  Medium g r a y ,  m e d I u m - b e d d e d .
C a l c a r e o u s  d o l o m i t e ;  f i n e l y  c r y s t a l l i n e .  
L i g h t  g r a y ,  t h i n  t o  m e d I u m - b e d d e d . C o n t a i n s  
a b o u t  40% c r i n o i d s .
"  1 10 D o l o m i t e ;  medium c r y s t a l l i n e .  Medium brown
and m a s s i v e  a t  t h e  b o t t o m ,  becoming medium 
t o  t h i n - b e d d e d  a t  t h e  t o p .  C o n t a i n s  15% 
d o l o m i t l z e d  c r i n o i d  p a r t i c l e s  and has 15% 
i n t e  rc r y s t a 11 I ne p o r o s i t y .
C a l c a r e o u s  d o l o m i t e ;  medium c r y s t a l l i n e .  
L i g h t  g r a y ,  m a s s i v e .  C o n t a i n s  c r i n o i d s  
and do 1om11I  z e d  c r i n o i d s ,  and 5% p o r o s i t y  
as vugs and s o l u t I  o n - en 1 a rged mol ds  o f  
_L00 c r i n o i d s .  Rock becomes more c a l c a r e o u s  
and p o r o s i t y  i n c r e a s e s  t o wa r d  t h e  t o p .
S e c t i o n  3 -  Sn o wc  r e s t  R a n g e
1 13
L i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  ( p a c k s t o n e )  
Medium g r a y ,  medium t o  t h i c k - b e d d e d . A l l  




-  1 70
— 160
-  150
D o l o m i t i c  l i m e s t o n e ;  m i c r i t e  ( m u d s t o n e ) .  
L i g h t  t o  medium g r a y ,  t h i c k - b e d d e d  and  
b r e c c i a t e d  a t  t h e  b o t t o m ;  becomes t h i n  t o  
me d i u m- b e d d e d  a t  t h e  t o p .  C o n t a i n s  5 t o  
10% d o l o m i t e  e u h e d r a .




















Cove r e d . 
known.
Exact  s t r a t i g r a p h i e  d i s t a n c e  un-
Do 1om i t i c l i m e s t o n e ;  c r i n o i d a l  
( g r a i n s t o n e ) .  Dark g r a y ,  t h i n  
bedded.  Compacted t e x t u r e .
pe 1 spa r i t e  
t o  med i um
D o l o m i t i c  l i m e s t o n e ;  c r i n o i d a l  b i o m i c r i t e  
( p a c k s t o n e / w a c k e s t o n e ) .  Dark g r a y ,  t h i n  t o  
medium bedded.  A p p r o x i m a t e l y  30% c r i n o i d s  
in a m i c r i t e  and m i c r o s p a r  m a t r i x .
D o l o m i t i c  l i m e s t o n e ;  c r i n o i d a l  b i o s p a r i t e  
— 200 (g ra i ns t one  ) .  Dark g r a y ,  t h i n  t o  medium
bedded.  M o d e r a t e l y  we 1 1 - compact ed , w i t h  
p r e s s u r e - s o  1u t i o n  c o n t a c t s  and broken g r a i n s






Cove r e d .
L im e s to n e ;  c r i n o i d a l  b i o m l c r i t e  ( p a c k s t o n e ) .  
L i g h t  t o  medium g r a y ,  w i t h  o c c a s io n a l  t h i n  
beds.  C o n s i s t s  o f  46 - 50% c r i n o i d s  in a m a t r i x  
o f  m i c r i t e ,  m i c r o s p a r ,  and pse ud os pa r .  Up to  
15% p o r o s i t y  th e  top 5 m as vugs o f  unknown 
o r i g i n  and s o l u t  i o n - e n l a r g e d  f r a c t u r e s .  Tec-  
t o n i c a l l y  deformed t h r o u g h o u t .







L i me s t on e ;  c r i n o i d a l  b i o m i c r i t e  ( p a c k s t o n e ) .  
L i g h t  t o  medium g r a y ,  ma s s i v e ,  w i t h  o c c a s i o n a l  
t h i n  beds.  Co n s i s t s  o f  40 -80% c r i n o i d s  in a 
m a t r i x  o f  m i c r o s p a r ,  w i t h  o c c a s i o n a l  pseudo­
s p a r  a n d / o r  m i c r i t e .  Cher t  s t r i n g e r s  and pods 
o c c u r  o c c a s i o n a l l y  t h r o u g h o u t .  T e c t o n i c a l l y  
d e f o r m e d .
S e c t i o n  4  -  Camp C r e e k
1 17
Cove r e d .




L i me s t on e ;  c r i n o i d a l  
L i g h t  t o  medium g r a y ,
b i o m i c r i t e  (packs t o n e ) .  
t h i n  t o  medium bedded. 
C o n s i s t s  o f  50% c r i n o i d s  in a m a t r i x  o f  m i c r o ­
s p a r ,  pseudospar ,  and m i c r i t e .  Trace  o f  
a u t h i g e n i c  q u a r t z  r e p l a c i n g  some c r i n o i d  
p a r t i c l e s .  B r e c c i a t e d  and t e c t o n i c a l l y  de­
formed t h r o u g h o u t .
S e c t i o n  k -  Camp C r e e k
1 18
A p p e n d i x  B - Th i n - s e c t  i on summary.
E x p l a n a t i o n  f o r  t h i n - s e c t  i on summary:
F i e l d  Sample - Th i s  number is s c r a t c h e d  on t h e  t h i n - s e c t i o n .
I t  r e f e r s  t o  t h e  s t r a t i g r a p h i e  s e c t i o n  (1=  
B e a r t o o t h  M o u n t a i n s ,  2 = C e n t e n n i a l  Range,  3= 
Snowcrest  Range,  4=Camp Cr eek)  and t o  a 
p a r t i c u l a r  sampled i n t e r v a l .
U . M . P .  #  U n i v e r s i t y  o f  Montana P é t r o g r a p h i e  C o l l e c t i o n
number .  Th i s  number r e f e r s  t o  t h i n  s e c t i o n s  
c a t a l o g e d  in t h e  U n i v e r s i t y  o f  Montana  
P é t r o g r a p h i e  c o l l e c t i o n .
Rock Type Mdst Lime mudstone
Wkst  Wac kes t one
Pkst  Packs tone
Gnst  G ra i ns t one  
Do 1 D o l o m i t e











-15 6978 Pkst 30







-23 6982 Gnst 85
-24 6983 Pkst 57
-25 6984 Pkst 35
- 26 Wkst 20
-27 Pkst 40
-28 6985 Pkst 45
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F i e l d  UMP Rock
Sample # Type
1“ 30 6987 Gnst 8 1
I - 3 I 6988 Gnst 45
1"32 6989 Mdst
) -33 6990 Dol
I -34 6991 Dol 12 3
1-35 6992 Dol
1-36 6993 Pkst 45 3
1-37 Dol




1-42 6997 Gnst 45 5
1-43 6998 Gnst 40
1-43 6998 Mdst t r t r
1-44 6999 Gnst 83 2
2-8 7000 Pkst 40
2 -9  7001 Gnst 60
2-10 7002 Gnst 60






2-17 7005 Dol 10
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F i e l d  UMP Rock
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3-9 7026 Pkst 50 8 2
3- 10 7027 Pkst 45 3 2
3-11 7028 Pkst 40 15 53-12 7029 Wkst 26 2
3-13 7030 Mdst 2 1 1
3-14 7031 Pkst 6 25
1_ U0 I-
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3-15 7032 Pkst 5 30 5 2 20 383" 16 7033 Pkst 35 15 50
3-17 7034 Gnst 45 15 2 1 1 35 t r3- 18 Mdst 100
33
1

































3-24 7038 Dol 20
3-25 Dol 20
3-26 7039 Dol 5
3-27 7040 Dol 5






















3-33 Pkst 65 15
15 t r 2 10
3-34 7044 Pkst 45




3-36 7046 Dol 5
3-38 7047 Mdst 92
75
15
3-39 7048 Mdst 10 8
NJ
VjO
F i e l d  UMP Rock
Sample # Type
3 - 4 0 7049 Pkst 40
3-41 7050 Gnst 65
3 - 4 2 Wkst 30
3 - 4 3 7051 Gnst 57
4-1 7052 Pkst 55
4 - 2 7053 Pkst 50
4 - 4 7054 Pkst 60
4 -11 7055 Pkst 60
4 - 1 2 Pkst 50
4 - 13 7056 Pkst 80
4 - 1 4 Pkst 65
4 - 1 5 Pkst 50
4 - 1 6 ' Pkst 55
4 - 1 7 7057 Pkst 50
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